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ABSTRACT
A systematic examination of a number of permeating cryoprotectants indicated the 
concentrations which would vitrify on plunging into liquid nitrogen and remain ice- 
free on thawing. Ethylene glycol was the least embryotoxic of the cryoprotectants 
tested followed by glycerol. As a result, 14 vitrification solutions (VS) were 
formulated and tested for toxicity. The least toxic of these were VS1 (5.5M 
ethylene glycol, 2.5M glycerol), VS11 (6.0M ethylene glycol, 1.8M glycerol) and 
VS 14 (5.5M ethylene glycol, 1.0M sucrose).
Tests on the in vitro and in vivo survival of vitrified day-4 mouse embryos showed 
that good survival rates could be obtained with all three VS and that VS 14 was 
superior; vitrification with VS 14 resulted in no loss of viability in all 
developmental stages of the preimplantation mouse embryo. In addition VS11 was 
better than VS1. The gradation of toxicity of the three VS appeared to be related to 
the content of glycerol. Sucrose dilution enhanced the survival of vitrified mouse 
embryos after transfer to pseudopregnant recipients.
The survival of day-6 sheep embryos vitrified in VS11, after transfer to recipients 
was improved by placing the embryos in 30% VS for 5 minutes before vitrification 
in the undiluted VS 11. This procedure resulted in in vivo survival of 62% (18/29) 
of blastocysts and 51% (31/72) of all development^stajres of day-6 sheep embryos. 
These results are better than those reported/for vitrified sheep embryos and 
compare favourably with those obtained from controlled-rate freeze-thaw 
procedures. Post-thaw survival of a small number of sheep embryos vitrified in 
VS 14 was 100% in vitro and 50% in vivo. All pre- and post-vitrification procedures 
on mouse and sheep embryos were conducted at 25°C.
Measurements of the volume of mouse and sheep embryos after exposure to VS11 
and data on toxicity show clearly that minimal equlibration of embryos with VS is 
necessary to ensure survival after freezing; prolonged equilibration is deleterious. 
While the intracellular concentration of cryoprotectants was not known, it seems 
likely that concentration of intracellular solutes after the dehydration induced by 
the VS is a major contributor to conditions conducive to intracellular vitrification.
Embryos of certain strains of mice developed best in | media containing glucose 
in an atmosphere of high oxygen tension. Unlike conditions in vivo, culture 
conditions are static and result in stagnation, consequently availability of oxygen
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to the embryos is limited. Glucose had no inhibitory effect on the development of 
1-cell embryos to the blastocyst stage.
Mouse embryos were cultured from the 1-cell to the blastocyst stage in an 
atmosphere of air and in the presence of a high concentration (lOmM) of NaHCC^. 
This latter requirement is probably related to its role as a regulator of intracellular 
pH (pHi).
Combined hormonal and pheromonal stimulation of mice resulted in significantly 
higher mating rates than hormonal stimulation alone. Up to 100% copulation rate 
was achieved when female mice were selected during the metoestrous II and 
dioestrous phases of the oestrous cycle at the time of PMSG and pheromonal 
treatments.
The in vivo development of Fj ([C57BL/6J] x S.O) mouse embryos was 
significantly faster than those of Swiss outbred. This is probably related to hybrid 
vigour.
Aging C57BL/6J female mice suffered from severe cystic endometriotic 
hyperplasia often associated with ovarian atrophy. Aging females with this 
condition were able to support pregnancy to term. The pregnancy rate was however 
significantly lower in aging mice compared to young controls.
2
CHAPTER 1: INTRODUCTION
1.1. Cryopreservation of Gametes and Embryos: Historical Perspective and 
Development
Early attempts at cryopreservation have been reviewed by Hafez (Hafez, 1969) 
wherein Picket was reported to have attempted to preserve fertilized eggs of the 
ant in 1893 and was perhaps the first man to have done so in recorded history 
(Picket, 1893). The classical study of Polge, Smith and Parkes (1949) clearly 
demonstrated that mammalian sperm cells could be frozen, kept in a dormant 
biologically timeless state and then brought back to "life" upon thawing. Like many 
other important discoveries which have affected mankind profoundly, this study 
was conducted after a chance observation of the protective effect of glycerol on 
sperm cells. Their findings provided the impetus for renewed interest in 
cryopreservation of eggs and embryos.
Frozen thawed bovine semen was successfully used for artificial insemination for 
the first time by Polge and Rowson (1952). This facilitated progeny testing and the 
intensive use of valuable sires leading to major improvements in productive traits 
of agriculturally important animals. Meanwhile early attempts at freezing both 
fertilized and unfertized eggs were not very successful but provided valuable 
background for subsequent workers. Smith's (1952, 1953) method of stepwise or 
gradual increase in concentration of cryoprotectant and the stepwise dilution post­
thaw, which resulted in high survival rates was adopted by other workers and is a 
standard feature in most freezing methods to this day. It was Sherman and 
colleagues (Lin, Sherman and Willett, 1957; Sherman and Lin, 1958a,b; Sherman 
and Lin, 1959) who observed that morphology was better preserved if glycerol did 
not permeate the cells or if cooling was very slow (0.7-0.9°C/min). This led 
Sherman to propose that the site of protection of glycerol was extracellular and the 
protection was achieved in part by dehydration which occurs in the presence of 
high concentrations of glycerol or at low concentrations during slow cooling 
(Sherman, 1963). There were a number of other contributions in cryopreservation in 
the 1950s and 1960s but they are far too numerous to be included in the present 
report.
Attempts to cryopreserve unfertilized eggs (Sherman and Lin, 1959) and fertilized 
eggs (Ferdows, Moore and Dracy, 1958) were not encouraging with only a few 
pregnancies being reported. Nevertheless the pregnancies thus obtained were proof
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that cryopreservation of embryos and oocytes was possible but required further 
refinement in the techniques employed. The work of Whittingham (1971) was very 
encouraging with better survival in vitro and in vivo; other workers however were 
not able to repeat Whittingham's successes and failed to achieve similar survival 
rates. The real breakthrough came when Whittingham joined Mazur and Leibo, and 
Whittingham's skills in embryo handling were coupled to his colleagues' 
application of cryobiological principles. Mazur and Leibo calculated that to avoid 
intracellular ice formation in cells the size of mouse embryos, the freezing rate 
should not be faster than 1°C per minute. The experiments that followed, in which 
the effects of the suspending medium, cooling rate and warming rate were studied 
showed the above concept to be true. Glycerol and dimethyl sulphoxide (DMSO) 
were employed as the cryoprotectants. A large proportion (80%) of embryos 
survived slow cooling at a rate of 0.3 to 0.4°C per minute but only a few survived 
faster cooling rates of more than 2°C per minute. It was also observed that slow 
warming gave better survival rates even with slow-cooled embryos (Whittingham, 
Leibo and Mazur, 1972). At about the same time Wilmut (1972a), then working at 
Cambridge, independently, came to almost the same conclusions. Two years later 
Whittingham and Whitten (1974) demonstrated the survival of frozen mouse 
embryos after trans-Atlantic shipment and storage in liquid nitrogen. Most of the 
pioneering work on embryo cryopreservation was on the mouse. Embryos of other 
mammalian species that have been successfully cryopreserved include: cattle 
(Wilmut & Rowson, 1973), rabbit (Bank and Maurer, 1974; Whittingham and 
Adams, 1974) , rat (Whittingham, 1975) , sheep (Willadsen, Polge, Rowson and 
Moor, 1974, 1976a; Willadsen, Trounson, Polge, Rowson and Newcomb, 1976b) , 
goat (Bilton and Moore, 1976), horse (Yamamoto, Oguri, Tsutsumi and Hachinohe, 
1982) human (Trounson and Mohr, 1983), Baboon (Pope, Pope, and Becket, 1984), 
marmoset monkey (Hearn and Summers, 1986), and cat (Dresser, Gelwicks, 
Wachs, and Keller, 1988). Attempts to freeze pig embryos were unsuccessful until 
recently. Hayashi, Kobayashi, Mizuno, Saitho and Hirano (1989) reported birth of 
piglets from frozen-thawed porcine expanded blastocysts but no offspring resulted 
from porcine embryos stored in liquid nitrogen. Nagashima (1991) was cited 
(Niemann, 1991) to have succeeded in obtaining two normal offspring following 
transfer of in vitro hatched porcine blastocysts after storage in liquid nitrogen. The 
first successful report of human oocyte cryopreservation was that of Chen (1986) 
then working at Adelaide, Australia, who reported a twin birth after transfer of in 
vitro fertilized frozen-thawed oocytes. In the 1970s and early 1980s there was rapid 
development in the cryopreservation of embryos but less progress was made in the 
preservation of oocytes.
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Cryobiologists have long recognised ice formation during cryopreservation 
procedures as the main cause of cell death. In recent years there has been a revival 
of interest in the original suggestion of Luyet (1937) that vitrification be used for 
the cryopreservation of biological materials. In this context, vitrification can be 
explained as the process by which a highly concentrated solution fails to crystallize 
even when cooled to very low temperatures. Instead it passes from the liquid state 
to a non-structured solid state called a glass. Rail and Fahy (1985) successfully 
vitrified mouse embryos with high in vitro survival rates, and the birth of live 
offspring (Rail, Wood, Kirby and Whittingham, 1987). Five years later Kasai, 
Komi, Takakamo, Tsudera, Sakurai and Machida (1990) further simplified the 
vitrification procedure and were able to vitrify mouse embryos with almost no loss 
of post-thaw viability and the subsequent birth of live offspring.
1.2. Practical Applications of Cryopreservation of Gametes and Embryos
Virtually all the developed countries of the world are using embryo transfer and 
cryopreservation programmes to improve more rapidly the productive capacity of 
livestock, particularly dairy cattle. Cryopreservation of embryos allows more 
flexibility in the selection of time and place of transfer to recipients and thus avoids 
wastage. There is now an international trade in embryos so that superior genetic 
material is universally available to livestock breeders. A major advantage of the 
use of embryos in international trade is the protection against infection by many 
pathogenic organisms afforded by the zona pellucida (Hare, 1983). In addition to 
commercial and health benefits of transporting livestock in the form of frozen 
embryos there are significant advantages to the welfare of animals (Shelton and 
Morris, 1985). Long term conservation of valuable and rare genetic material is 
feasible through cryopreservation of embryos
Clearly cryopreservation of embryos, with related embryological and genetic 
technologies, is making an increasingly significant contribution to agriculture and 
the quality of life.
In the context of research and development, embryos of genetically engineered 
animals are being cryopreserved for future use. Many laboratories maintain 
embryo banks which serve as an economic amd efficient means of maintaining a 
large collection of genetically valuable or rare traits for future use.
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In human medicine there is much debate on the morals and ethics of cryopreserving 
human gametes and embryos. In human in vitro fertilization (IVF) and embryo 
transfer (ET) programmes often more eggs or embryos than required are produced 
during a treatment cycle. Many embryologists prefer to store these extra eggs or 
embryos for future use by the same couple, as religious beliefs, moral values and 
conscience prevent their disposal. This is not without its attendant legal, ethical or 
moral problems.
1.3. Cryoprotection in Nature
Cryoprotection as perfected by nature makes a fascinating study. Freezing results 
in cellular damage and death, but in many animal species of the temperate and 
polar regions, elegant mechanisms of cryoprotection have evolved to enable them 
to survive harsh cold environments. Work in this area has revealed that these 
animal species produce or accumulate certain cryoprotective agents to prevent 
freezing injury. Species exhibiting cold hardiness in the arctic region have been 
found to produce high concentrations of cryoprotectve agents in the order of one to 
four molar concentrations while species of temperate regions utilise lower 
concentrations of several cryoprotective agents (Wood, Maher and Nordin, 1977; 
Ring and Tesar, 1980; Young and Block, 1980). Cryoprotective mechanisms have 
been observed in insects (Baust and Lee, 1981; Baust, 1982) in which 
accumulation of glycerol and sorbitol to impart freeze tolerance (Baust and Lee, 
1982) have been described. Many marine fishes living in cold polar waters survive 
by synthesising a unique class of serum proteins which prevent their sera from 
freezing (De Vries, 1984; Hew and Fletcher, 1985; Feeney, Burcham and Yeh, 
1986). Isolation and characterization of these proteins have established their 
diversity, with at least one type of antifreeze glycoproteins (AFGP) and three types 
of antifreeze polypeptides (AFP) (Hew, Scott and Davis, 1986). Much work is 
currently underway in this area of research.
1.4. Biophysical Principles of Cryopreservation
The biophysics of cryopreservation is far from fully understood as is evident from 
the failure to cryopreserve successfully a number of biological materials. Much has 
been learnt of the behaviour of ova and embryos and much more remains to be 
elucidated.
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1.4.1. Dehydration Prior to Freezing
It is well recognised that the formation of intracellular ice is the most common 
factor causing the death of the frozen-thawed mammalian cell. Ice may result in 
mechanical stress imposed by the ice crystals and osmotic stress due to changing 
molarity of the solutes during formation or melting of ice (Mazur, 1977a). 
Adequate dehydration prior to freezing of embryos has been adopted as the major 
means of minimising intracellular ice formation. Biological materials including 
eggs and embryos are cryopreserved in aqueous solutions containing various 
solutes. Two factors involved in dehydration of cells include the cooling rate and 
permeability of the cell to water. The faster the cooling, the less the dehydration, 
and the greater the chances of intracellular ice formation and cell death. During 
freezing cells tend to supercool to -5°C or lower. Even in the presence of 
extracellular ice water simultaneously seeps out of the cell and freezes externally. 
This is due to the tendency to equilibrium between the chemical potential of the 
intracellular supercooled water, and that of the water and ice in the extracellular 
medium. Slow cooling results in better dehydration, reduces the possibility of 
intracellular ice formation, and therefore results in higher cell survival rates. If 
water is unable to leave the cell fast enough during faster cooling rates, 
intracellular ice will form at the cell's nucleation temperature, preventing the 
concentration of intracellular solutes sufficiently to bring about equilibration of the 
intracellular ana the extracellular chemical potentials (Mazur, 1977a).
All freezing or cryoprotectant solutions are aqueous mixtures of solutes. During 
freezing, ice formation results in a concommitant increase in the concentration of 
the unfrozen fraction of the cryoprotectant solution. A relationship thus exists 
whereby with decreasing temperature, the concentration of the unfrozen fraction 
continues to increase. All solutes have their own unique eutectic freezing points. In 
a cryoprotectant solution which is a mixture of solutes, as the eutectic point of each 
solute is reached ice formation of that solute results in the concentration of the 
unfrozen fraction. A liquid fraction will therefore exist until the eutectic 
temperature of the last unfrozen solute is reached (Leibo, 1981).
Cells are more permeable to water than to naturally present intracellular solutes or 
extraneously added solutes (Mazur, 1977b). Factors that determine the rate of 
dehydration of the cell are the cell's permeability to water, the temperature 
coefficient of water permeability and the volume to surface area ratio. Mazur 
(1963) suggested a mathematical model for estimating the rate of dehydration that
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would circumvent intracellular ice formation and death of various types of cells 
during cooling procedures.
The mathematical relationship between temperature and the hydraulic conductivity 
of the cell was further modified by Mazur, Rail and Leibo (1984). They showed 
that mouse ova cooled at an infinitely slow rate remain in osmotic equilibrium with 
the extracellular unfrozen portion of the medium. Ova in equilibrium may lose 
about 60% of their volume through loss of water at -10°C if the freezing medium 
contained 1.0M dimethyl sulphoxide. At -25°C ova may lose 70% of their volume 
under similar conditions.
1.4.2. Osmotic Response of Cells to Cryoprotectant Solutions
Since the findings of Polge, Smith and Parkes (1949) that glycerol could afford 
cryoprotection to cells, a number of other compounds have been tested for the same 
property and the search is still being continued. As discussed earlier, dehydration is 
an osmotic response of the cell to hypertonic solutions to attain equilibrium with 
the environment. Water moves out of the cell causing a reduction in the volume of 
the embryo. In addition removal of water from the cell also reduces the chances of 
intracellular ice formation. It is estimated (Leibo, 1986) that 80 to 85% of the 
volume of the ovum consists of water. All osmotic and volume studies on ova and 
embryos have been done with the assumption that they are spherical units and that 
preimplantation embryos which are made up of more than one cell behave as if 
they are single-celled osmotic units when challenged with osmotic stress (Mazur, 
1976). This suggest that water leaves the embryo by moving through the 
blastomeres rather than through the spaces between the cells. Indirect evidence to 
suggest that the whole embryo constitutes a single osmotic unit is that the optimal 
freezing rate for stages of development ranging from single-celled embryos to 
blastocyst stage mouse embryos is about the same in spite of the vast differences in 
the number of blastomeres (Whittingham et al.,
1972).
1.4.3. Non-Permeating Cryoprotectants
Solutes employed in freezing media are of two types, non-permeating and 
permeating solutes. When a cell is challenged with a hypertonic solution of non­
permeating solutes it loses water. This is an equilibrium response to establish 
equilibrium between the intra- and extra-cellular environments. The rate of 
shrinkage (dV/dt) at a given temperature is determined by the surface area of the
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cell (A), the difference in osmotic pressure between intra- and extracelluar space 
(Pi - Pe) and the cell's hydraulic conductivity (water permeability, Lp) and is 
defined by the following equation: dV/dt = LpA (Pj - Pe) (Leibo, 1981).
Leibo (1980) estimated the water permeability coefficient of mouse ova and 
observed that the water permeability coefficient decreases with temperature. 
Therefore mouse ova take a longer time to reach equilibrium at lower temperatures. 
There appeared to be an Arrhenius relationship between the water permeability and 
the temperature. The logarithm of Lp decreased as a linear function of the 
reciprocal of the absolute temperature (1/K) (Leibo, 1981). Studies (Sidel and 
Solomon, 1957; Vieira, Sha'afi and Solomon, 1970; Forster, 1971) comparing 
human erythrocytes and mouse ova showed that mouse ova are less permeable to 
water and their Lp has a higher temperature coefficient. This suggest that the 
transfer of water from ova is slower and that the difference becomes more 
pronounced at lower temperatures.
Lucke and McClutcheon (1932) determined for sea urchin eggs the relationship 
between osmotic pressure and the equilibrium volume of cells. They derived the 
following mathematical equation to define the relationship: P(V-b) = PQ(V0-b), 
where P is the osmotic pressure of a medium in which the cellular volume in 
equilibrium is V. VQ is the volume of the cell in an isotonic medium with 
osmolarity, PQ. The non-solvent volume of the cell which does not participate in 
osmotic swelling or shrinkage is b. This relationship is in fact a modification of the 
Boyle-van't Hoff law (PV = constant) and it can be expressed in the following 
form: V=[P0(V0-b)/P] + b, to show the relationship of the osmotic pressure to the 
volume of the cell. This equation indicates the equilibrium volume of the cell to be 
a linear function of the reciprocal of the osmotic pressure (1/P). The slope and the 
intercept of the regression line can be calculated from measurements of the 
equilibrium volume at different osmotic pressures. Employing these measurements 
Leibo (1980, 1986) estimated the non-solvent volume of mouse ova and cattle 
embryos to be in the order 15 to 20%. Szell and Shelton (1987) have made a 
slightly lower estimate (13%) for day-3 mouse embryos.
1.4.4. Permeating Cryoprotectants and Equilibration
When embryos are exposed to hypertonic solutions of permeating solutes, the 
embryo shrinks initially with rapid loss of water to attain equilibrium and then re­
expands gradually. Permeability of embryos to water was estimated to be 2,000 to
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5,000 times higher than to glycerol (Jackowski, Leibo, and Mazur, 1980; Leibo, 
1980) and is higher than to most permeating cryoprotectants. After dehydration by 
shrinkage, permeation by cryoprotectants consequently causes water to re-enter the 
cell to maintain osmotic equilibrium resulting in gradual re-expansion in the 
volume of the cell. Permeation and expansion cease when intracellular and 
extracellular solutes are in equilibrium.
A number of workers (Wilmut, 1972a,b; Whittingham, Leibo and Mazur, 1972; 
Leibo, Mazur and Jackowski, 1974) reported high embryonic death when embryos 
were exposed to cryoprotectants in a single step and therefore stepwise addition of 
the cryoprotectant was advocated (Willadsen et al., 1974; Willadsen, Polge and 
Rowson, 1978a,b) but subsequent reports (Chupin, Florin and Procureur, 1984; 
Renard, Bui-Xuan-Nguyen and Gamier, 1984; Niemann, 1985) suggest that 
stepwise addition is unnecessary. More recently Szell and Shelton (1986b) have 
shown that complete equilibration is not necessary for rapidly frozen day-3 mouse 
embryos.
Factors that affect the rate of cryoprotectant permeation include the permeability 
coefficient, the surface area of the embryo and concentration gradient of the 
cryoprotectant. The permeability coefficient is influenced by temperature 
(Jackowski, Leibo and Mazur, 1980; Schneider, Mazur and Leibo, 1983). At low 
temperatures glycerol behaves like a non-permeating solute (Leibo, 1986). Thus 
mouse ova attain osmotic equilibrium and remain shrunken in glycerol solutions at 
3 to 4°C (Sherman, 1963; Jackowski, Leibo and Mazur, 1980). Other factors 
affecting the permeability coefficient include stage of development of the embryo 
(Mazur, Rigapoulos, JackoWski and Leibo, 1976). The permeability of mouse ova 
increased three-fold after fertilization and an additional 10-fold increase was 
observed at the 8-cell stage. Miyamoto and Ishibashi (1978) showed that the 
chemical nature of the cryoprotectant also significantly affected the permeation 
coefficient of 8-cell embryos. Embryos of different species also exhibit different 
permeation coefficients to different cryoprotectants. Mouse and human embryos 
are more permeable to dimethyl sulphoxide than to glycerol (Whittingham and 
Wales, 1969; Trounson and Mohr, 1983). The reverse was found to be true with 
cattle embryos (Schneider, Mazur and Leibo, 1983; Leibo 1984). Sheep and cattle 
embryos are more permeable to ethylene glycol than to glycerol (Szell, Shelton and 
Szell, 1989).
10
Considerable progress has been made in conventional controlled freezing 
techniques since the first successful cryopreservation of mammalian cells. 
Innovative approaches have simplified the freezing protocol and have also made it 
less time consuming. These have been made possible by the elucidation of 
biophysical cryoprinciples governing the response of the cell to the freezing 
process. Briefly, original methods of cryopreservation required that embryos be 
cooled very slowly to about -70°C before transfer into liquid nitrogen and warmed 
slowly to obtain the best survival rates. Later Willadsen (1977) showed that 
embryos need only be cooled slowly to -35°C before transfer into liquid nitrogen 
provided that thawing is done rapidly. This relationship between freezing and 
thawing procedures is important. When cooled slowly to -35°C the embryo is only
(RaTlfReid and Polge', 1980; 1984; Rail and Folge, 1984). Us information of small 
Yiyjaais or ice/ Rapid warming is necessary to prevent the formation of larger
crystals of ice during thawing. These innovations reduced the overall operation 
time. The subsequent development of the 2-step freezing procedures (Kasai, Niwa 
and Iritani, 1980; Wood and Farrant, 1980; Massip, van der Zwalmen and Leroy, 
1984; Renard, Bui-Xuan Nguyen and Gamier, 1984; Williams and Johnson, 1986; 
Miyamoto and Ishibashi, 1986) have further reduced the time required for freezing 
and thawing. All of these methods still required controlled freezing with expensive 
freezing equipment and many man hours to perform.
Recent work has focused on procedures that would eliminate the need for 
controlled freezing and therefore drastically cut down the cost of freezing and the 
man hours required to perform the freezing and thawing.
1.4.5. Rapid and Ultrarapid Freezing Techniques (without vitrification)
In recent years innovative measures designed to eliminate controlled slow freezing 
has resulted in two types of freezing method , namely the rapid and ultrarapid 
methods of embryo cryopreservation. In general the rapid methods employ a non­
permeating solute such as sucrose and a permeating solute. The non-permeating 
solute causes partial dehydration of the embryos. Equilibration for short periods of 
time allows permeation of the permeating solute into the embryos. The embryos are 
then exposed to liquid nitrogen vapour or cooled with freezers to very low 
temperatures of about -25°C to -35°C for a period of time and finally plunged 
directly into liquid nitrogen. With ultrarapid methods the procedure is similar but 
after equilibration the embryos are plunged directly into liquid nitrogen without
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prior cooling. Two-step freezing techniques have been described in the preceding 
sub-section 1.4.4.
1.4.5.1. Rapid Methods
Bui-Xuan-Nguyen, Hey man and Renard (1984) were perhaps the early pioneers of 
rapid freezing techniques. They induced partial dehydration by exposing the cattle 
embryos, previously equilibrated with 1.5M glycerol, to a number of mixtures 
containing molar concentrations of sucrose and glycerol. The embryos were then 
frozen in the freezer at -30°C for 30 minutes and finally plunged into liquid 
nitrogen. The optimum combination of cyroprotectants was 1.0M sucrose and 1.5M 
glycerol which resulted in a survival rate of 63.4%, compared to 70.8% for 
embryos frozen by the conventional slow cooling method.
Vincent, Heyman, Gamier, Smorag and Renard (1985) rapidly froze 1- and 2-cell 
rabbit and cattle embryos using 2.0M propanediol with 0.1M or 0.5M sucrose. 
After shrinkage at room temperature the embryos were transferred to a freezer and 
frozen at -25°C to -30°C for 90 minutes and finally plunged into liquid nitrogen. 
Ninety six per cent of the 1-cell and 86% of the 2-cell rabbit embryos survived 
freezing with 0.5M sucrose and 2.0M propanediol as compared to 55% and 46% 
respectively with the freezing medium containing 0 .1M sucrose and 2.0M 
propanediol. They then froze 1- and 2-cell cattle embryos in freezing medium 
containing 0.5M sucrose and 2.0M propanediol. Freezing procedure was identical 
to that employed for rabbit embryos. With this freezing regime 33% of the 1-cell 
and 32% of the 2-cell cattle embryos survived in vitro.
Day-4 mouse morulae were rapidly frozen after partial dehydration in a freezing 
medium containing 0.5M sucrose and 2.0M glycerol for 10 minutes at room 
temperature. After 10 minutes of exposure to liquid nitrogen vapour they were 
plunged into liquid nitrogen. Eighty four per cent of the mouse morulae survived 
the treatment (Williams and Johnson, 1985). Chupin (1986) rapidly froze cattle 
embryos with an initial equilibration in 1.4M glycerol supplemented with 20% 
steer serum followed by dehydration at room temperature for 7 minutes in a 
medium containing 2.8M glycerol and 0.25M sucrose. Crystallization was achieved 
by exposure to liquid nitrogen vapour in the neck of a liquid nitrogen (LN2) tank 
(-10 to -12°C) for 5 minutes and then they were plunged into liquid nitrogen. Fifty 
six per cent of day-8 cattle (expanded blastocysts) embryos survived but only 17% 
of of day-7 (young blastocysts) embryos survived the treatment. Rat morulae and
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blastocysts were frozen (Chupin and De Reviers, 1986) by a similar method using 
freezing mixtures described by Chupin, (1986). Eighty seven per cent of the 
embryos survived. Another group of embryos similarly treated but directly frozen 
without exposure to LN2 vapour showed poor survival in the order of 49%.
Szell and Shelton (1987) froze day-3 mouse embryos with a rapid method using a 
2-step equilibration procedure. Initially embryos were equilibrated in glycerol and 
then in glycerol-sucrose mixture at 20°C. The embryos were frozen directly in 
liquid nitrogen vapour at -180°C and then transferred into liquid nitrogen. Survival 
was very high in the order of 92 - 95% in vitro and 30% in vivo when the glycerol 
concentration was 3.0 to 4.0M. and contained molar concentrations of sucrose. It 
was observed that survival of embryos was less dependent on sucrose concentration 
ranging from 0.125 to 1.0M. Sheep embryos were frozen by a similar method but 
with a vitrification medium containing 25% of propanediol and 25% glycerol. Prior 
to placing in the vitrification medium embryos were equilibrated with a mixture 
containing 10% glycerol and 25% propanediol for 10 minutes at 18-23°C. Thirty 
six per cent of sheep late morulae and 70% of blastocysts survived the treatment 
(Szell, Zhang and Hudson, 1990a,b).
Mouse compacted morulae were frozen by Abas Mazni, Valdez, Takahashi, 
Hishinuma and Kanagawa (1990) in a comparison of glycerol with ethylene glycol 
and sucrose with lactose. After equilibration for 5 minutes they were frozen in 
liquid nitrogen vapour before transfer into liquid nitrogen. They suggested that 
3.0M ethylene glycol with 0.25M sucrose or lactose is an effective cryoprotectant.
1.4.5.2. Ultrarapid Methods
Takeda, Elsden and Seidel (1984) showed that 65% of 8-cell mouse embryos 
can survive freezing when plunged directly into liquid nitrogen in 
a cryoprotectant mixture containing 0.25M sucrose and 3.0M glycerol. The 
presence of 0.25M sucrose in the freezing solution facilitated partial dehydration of 
the embryos. A higher percentage of survival (85%) was obtained after 8- to 16- 
cell mouse embryos (from random breds) were similarly frozen-thawed with a 
freezing mixture of 1.1M sucrose and 1.4M glycerol (Krag, Koehler and Wright, 
1985). Similar results were obtained with mouse morulae and early blastocysts 
(random breds) frozen ultrarapidly by plunging into liquid nitrogen after 
equilibration for 10 minutes in 0.5M sucrose and 3.5M glycerol (Biery, Seidel and 
Elsden, 1986).
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In recent years ultrarapid freezing techniques were developed comparing molar 
combinations of dimethyl sulphoxide (DMSO) and 0.25M sucrose. Shaw and 
Trounson (1989) observed that up to 92% of Fj hybrid 2-cell mouse embryos 
frozen with 3.0 to 4.5M DMSO and 0.25M sucrose developed to blastocyst stage in 
vitro. Fetal development from frozen-thawed embryos (64 to 74%) was similar to 
that from untreated controls. Wilson and Quinn (1989) also observed that moderate 
concentrations of DMSO in the order of 3.5M with 0.25M sucrose afforded 
cryoprotection to F } hybrid mouse embryos. Lower concentrations of DMSO and 
propanediol at 1.5M and 3.0M concentrations with 0.25M sucrose were found to be 
inadequate for cryopreservation. Other workers have confirmed that 3.5M DMSO 
and 0.25M sucrose conferred cryoprotection to F | hybrid mouse pronucleate 
embryos and observed that DMSO is superior to propanediol as a cryoprotectant 
for ultrarapid procedures. (Van der Auwera, Comillie, Ongkowidjojo, Pijnenborg 
and Koninckx, 1990).
High survival rates have been obtained with F y hybrid mouse blastocysts using a 
freezing medium of 0.25M sucrose and a combination containing 2.25M DMSO 
and 2.25M glycerol (67.9%), or 4.5M glycerol (57.7%), 4.5M DMSO (54.5%), or 
4.5M propanediol (43.1%) (Li and Trounson, 1991a). These authors (Li and 
Trounson, 199lb) observed that for F  ^ hybrid mouse morulae 4.5M glycerol with 
0.25M sucrose was a better (96.2%) ultrarapid cryoprotectant than the combination 
containing 2.25M DMSO, 2.25M Glycerol and 0.25M sucrose (92.2%), or 4.5M 
DMSO with 0.25M sucrose (80.0%). The viability of morulae exposed to 4.5M 
propanediol without freezing was very poor (42.9%). Clearly propanediol is not 
suitable as a cryoprotectant in the ultrarapid techniques of cryopreservation. It has 
been demonstrated that 4.5M DMSO and 0.25M sucrose is useful for the 
cryopreservation of all developmental stages of F j hybrid mouse embryos (Shaw, 
Diotallevi and Trounson, 1991).
Attempts have been made to cryopreserve human embryos by the ultrarapid 
method. Human embryos derived from in vitro fertilization and cultured embryos 
have been frozen-thawed at the pronucleate to the 8-cell stage. The cryoprotectant 
solution contained 2.5M DMSO and 0.25M sucrose. The embryos were minimally 
equilibrated for 2 to 2.5 minutes in this cryoprotectant solution and then plunged 
directly into liquid nitrogen. About 38% survived thawing as was evidenced by 
cleavage in culture. Out of 34 frozen-thawed embryos that cleaved, transfer to 20 
recipients resulted in 4 pregnancies (Gordts, Roziers, Campo and Noto, 1990).
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Human embryos (4- to 16-cell stages) have also been ultrarapidly frozen by another 
group (Feichtinger, Hochfellner and Ferstl, 1991). The cryoprotectant solution was 
(4.5M DMSO and 0.3 sucrose) pre-cooled to 4°C, the embryos were transferred 
into the solution and then the temperature was lowered to 0°C and held for 3 
minutes before plunging into liquid nitrogen. Sixty one per cent of the embryos 
survived the freeze-thaw regime. One hundred and ten frozen-thawed embryos 
were transferred to 91 recipients, nine clinical pregnancies were established 
including a set of twins. One miscarried, and another was an ectopic, five had 
delivered and the remaining two pregnancies were still on-going at the time of 
publication of the report.
1.5. Vitrification as An Approach to Cryopreservation
Vitrification is a process by which a highly concentrated solution fails to crytallise 
even when cooled to very low temperatures; instead it passes from the liquid state 
to a non-structured solid state called a glass. The vitreous state, that is a state of 
matter in which cohesion and hardness are of the same order as in solid bodies, but 
in which the molecules are not arranged in a crystalline pattern, is well known as 
being the ordinary state of the silicates or glasses (Luyet, 1937). The solid retains 
the normal molecular and ionic distributions of the liquid state and can be 
considered as an extremely viscous supercooled liquid (Rail, 1987).
The relevance and importance of glass transitions to cryopreservation of biological 
materials was first suggested by Luyet (1937) but was not fully appreciated as a 
practical alternative preservation strategy until recently. One of the main reasons 
for the lack of interest in vitrification as a means of cryopreserving biological 
materials was the high concentration of cryoprotectants necessary to achieve 
vitrification at very low temperatures. These concentrations are potentially 
osmotoxic and/or chemotoxic to cells.
1.5.1. Vitrification of Mammalian Embryos
Much work is being undertaken to develop an ideal vitrification technique of 
embryo cryopreservation. One of the main benefits of vitrification is that both 
intracellular and extracellular ice formation can be avoided ( Mazur, 1984). Rail 
and Fahy (1985, 1986) reported an in vitro survival rate of 88% and the birth of 
live young from mouse embryo cryopreserved by vitrification. Recently Kasai et al. 
(1990) described a vitrification technique for mouse morulae which had no
15
detrimental effect on subsequent in vitro or in vivo development. Vitrification of 
embryos of other mammalian species was not quite as spectacular as that reported 
by Kasai et al. (1990) for mouse morulae but may be improved with further 
refinement in techniques. McGinnis and Youngs (1990) were unable to vitrify 
sheep morulae and early blastocysts but 33% of blastocysts survived in vitro. 
Schiewe, Rail, Stuart and Wildt (1991) obtained 73% in vitro survival of sheep late 
morulae to blastocyst stage embryos. Smorag, Gajda and Vieczorek (1989) vitrified 
various developmental stages of the rabbit embryo and obtained 20%, 44% and 
93% in vitro survival with 1-to 2-cell, 8- and 16- cell rabbit embryos respectively. 
Their findings suggest that lower developmental stages of the embryo are more 
vulnerable to vitrification than the later developmental stages. Kasai, Hamaguchi, 
Zhu, Sakurai and Machida (1991) successfully vitrified rabbit morulae, 86% 
survived in vitro, while 56% developed in vivo. Kobayashi, Nagashima, 
Yamakawa, Kato and Ogawa (1990) obtained similar results but their in vivo 
development was less at 18%. Kono, Suzuki and Tsunoda (1988) vitrified rat 
blastocysts with an in vivo development rate of 41%. Their in vitro survival rate 
cannot be accurately determined as only selected frozen-thawed embryos, that is 48 
morphologically good embryos out of a total of 149 frozen-thawed, were tested for 
survival in vitro. All 48 embryos survived and developed to hatched blastocyst 
stage. With bovine embryos Massip, Van der Zwalmen, Schelfen and Ectors 
(1986) obtained in vitro survival rates of 43% and 54% after freezing by 
vitrification of late morulae and early blastocysts. No survival however was 
obtained when bovine blastocysts were vitrified. Dobrinsky, Hess, Duby and Robl 
(1991) also obtained similar survival rates of the order of 57% with vitrified bovine 
morulae. Work on the vitrification of mouse oocytes has been equally successful 
with high post-thaw fertilization rates and subsequent in vitro development to the 
blastocyst stage (Nakagata, 1989; Kono, Kwon and Nakahara, 1991; Shaw, Fuller, 
Bernard and Shaw, 1991). Cryopreserved mouse oocytes fertilized post-thaw have 
been transferred to surrogates and the percentage of live bom was 46% (Nakagata, 
1989) and 51% (Kono et al. 1991).
1.5.2. Biophysical Principles of Vitrification
Vitrification or glass formation, an intrinsic property of all liquids including water 
and aqueous solutions may be brought about by very high cooling rates and 
circumvents the ice or crystalline phase (Turnbull, 1969; Uhlmann, 1972). 
Ultrarapid cooling does not provide any opportunity or sufficient time for the 
kinetic processes that are essential for the spontaneous formation and growth of ice
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in aqueous solutions (Uhlmann, 1972). It appears that a cooling rate of about 
10^°C per second is required to vitrify pure water and dilute aqueous solutions. 
Uhlmann (1972) showed that in addition to a high cooling rate, the volume of the 
liquid to be vitrified is also a factor in the formation of glass. The smaller the 
sample size and the higher the cooling rate the better the chances of glass 
formation. The forces that govern the formation of ice nucleation and crystal 
growth and those that govern glass formation appear to be pitted against each other; 
there is competition between the rates of nucleation and crystal growth on the one 
hand and the rate at which temperature can be lowered for glass formation on the 
other. A number of factors determine which way the reaction is to proceed. Glass 
formation which is dependent on the cooling rate is controlled by sample geometry, 
its thermal conductivity and heat capacity, and the quench temperature that can be 
maintained at the surface of the sample. The nucleation rate on the other hand is 
controlled by the thermodynamic driving force (that is the free energy change on 
transforming from liquid to crystal) and the molecular mobility which is displayed 
by the diffusion coefficient or the viscosity (Skripov, 1977). All of these factors or 
effects primarily affect the rate of homogeneous nucleation in the liquid. 
Homogeneous nucleation is the process by which a liquid internally generates the 
first tiny crystallites of the new phase. When homogeneous nucleation occurs 
without the intervention of any foreign particle or surface, an energy imbalance 
results. To form the particle of the new phase a surface must be formed between 
the new particle and the surrounding liquid. Since the surface tension is a positive 
quantity, the creation of this surface requires energy which could only be supplied 
by the energy released as a result of the crystallization process. The free energy 
associated with crystallization at or below the normal equilibrium melting point is 
very small hence the surface energy imbalance can only be solved by forming a 
very large particle. The crystallite is therefore unlikely to form, as spontaneous 
occurrence of such a large particle is highly improbable. The crystallite may form 
only when a much lower temperature is reached and the free energy of 
crystallization is much greater. The temperature at which the liquid begins 
spontaneously to form crystallites at a significant rate is termed the homogeneous 
nucleation temperature, T  ^ (Luyet and Rasmussen, 1968). If however suitable 
foreign surfaces are present such that interfacial tension between the new crystallite 
and the surface is lower, then the crystal will form preferentially on this site. This 
process is termed heterogeneous nucleation.
It is thus possible to supercool a liquid below its melting point, at most, as far as 
Tfr When a liquid is cooled it will become increasingly viscous until it can no
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longer flow at a measurable rate. The liquid is said to have become a glass. It has 
the structural properties of a liquid but the mechanical properties of a solid. Four 
physical properties are known to change abruptly at the glass transition 
temperature, 7g,: (i) the specific heat, (ii) the expansion coefficient, (iii) the 
refractive index and (iv) the electric resistivity (Luyet and Kroener, 1966).
Below or
above 7g, the substance is amorphous (Luyet and Kroener, 1966). The molecules 
of the liquid at 7g are no longer capable of translational motion. The distances 
between the molecules are greatly reduced and the molecules almost touch each 
other. They form a rigid framework of which the coefficient of contraction has 
been abruptly and drastically reduced. Since 7g is a function of the cooling rate, the 
more rapidly cooled glass sample will retain a larger volume than the same sample 
formed at a lower cooling rate. Physically, glass resembles crystals but the 
molecules do not have the ordered arrangement which crystals have. Glass 
formation can be expected in a liquid whenever 7^ is less than Ta.
1.5.2. 1. The Effect o f Solutes
Solutes and their concentration in aqueous solutions are potent factors affecting the 
equilibrium freezing behaviour (7t ) which drops rapidly below 273°K with 
increasing concentration. The rate of homogeneous nucleation in the solution at 
any temperature is a very strong function of the melting point (MacFarlane, 
Kadiyala and Angell, 1983a,b). The theory suggested by Skripov (1977) shows the 
nucleation rate to be an exponential function of the undercooling, 7 ^ -7 , and hence 
7^ often appears to parallel 7^. Thus addition of solute eventually leads to 
sufficient depression of 7^ that the solution becomes glass forming unless the 
nucleation and crystallization of some other phase such as a hydrate intervenes. 
Glass formation in aqueous solution is usually observed at solute concentration in 
excess of about 40% w/w (Boutron, 1979, 1983, 1984, 1986; Boutron and 
Kaufmann, 1978, 1979; Boutron, Kaufmann and Van Dang, 1979; Boutron, 
Delage, Roustit and Korber 1982; Boutron, Mehl, Kaufmann and Angibaud, 1986). 
At such high concentrations the equilibrium freezing point of ice in the solution has 
been sufficiently depressed that ice nuclei only appear during cooling at 
temperatures where the crystal growth rate is low. Consequently significant 
crystallization is bypassed allowing the solution to vitrify when cooled to 
temperatures below about 140°K (MacFarlane, 1987).
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1.5.2.2. Chemical Aspects Affecting Glass Forming Tendencies
In section 1.5.2.1 the interrelationship between T^ and T^ was described. Thus the 
solutes which depress T^ most rapidly will similarly depress T  ^more rapidly and 
the glass forming region will be reached at lower solute concentrations. This is 
particularly obvious when solutes of low and high molecular weights are compared 
on a weight per cent basis, as freezing point depression is a function of the molar 
concentration of the solute. For example 30% (w/w) ethylene glycol depresses both 
Tl and T  ^ to a much greater degree than 30% (w/w) polyethylene glycol (14,000 
Daltons) (Luyet and Rasmussen, 1968; Rasmussen and Luyet, 1970).
Another major chemical effect is that of the solute on the transport properties of the 
solution. This is largely a function of the nature and strength of the solute-solvent 
intermolecular interactions. Polyvinylpyrrolidone (PVP) shows a very marked drop 
in 7^ at concentrations in the region of 40% (w/w) at which point the solution 
becomes glass forming (MacKenzie and Rasmussen, 1972). The remaining water 
in the solution appears to be bound to the polymer in such a way that the formation 
of ice from these water molecules is completely inhibited. The sudden suppression 
of Tl and T  ^ and the onset of glass formation appears to be a property of many 
high molecular weight solutes (Franks, 1982; MacFarlane et al. 1987).
1.5.2.3. The Effect of Pressure
Pressures of up to about 2000 atm appear to enhance glass formation, and in dilute 
solutions, high pressures decrease the quantity of ice formed, occasionally to the 
point that complete vitrification becomes possible. It was suggested that living 
biological tissues may be able to tolerate pressures of up to about 1000 atm 
especially in the presence of cryoprotectants which also act as baroprotectors 
(Fahy, MacFarlane, Angell and Meryman, 1984). The effect of pressure on T  ^can 
be quite marked. Studies by MacFarlane, Angell and Fahy (1981) have shown the 
effect of pressure is equivalent to quite large increases in concentration. This was 
illustrated in their experiment with 35% w/w dimethyl sulphoxide (DMSO) which 
under normal pressure (1 atm) cannot be supercooled below -80°C. With 
increasing pressure the 7^ was rapidly depressed until at 1300 atm T  ^ is no longer 
observable and the solution becomes glass forming. Thus it is possible to avoid ice 
nucleation and ice crystal growth and to attain 7g by increasing pressure even in 
moderately concentrated aqueous solutions.
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1.5.2.4. Changes in Physical Properties at Glass Transition Temperature (Tg)
At Tg almost all of the thermodynamic, transport and material properties undergo 
marked changes, at least in their dependence on temperature. Of all the 
thermodynamic properties volume appears to be most relevant. Below Ta the 
volume continues to decrease but at a lower rate, that is lower expansivity, with 
decreasing temperatures. The volume contraction has important material 
consequences (described later).
With decreasing temperature in the liquid above Tg all transport and transport- 
related properties such as diffusivity, the fluidity (Angell and Bressell, 1972; 
Moynihan, Balitactac, Boone and Litovitz 1971), the dielectric relaxation rate 
(Angell and Smith, 1982) and the ionic conductivity (Ambrus, Dardy and 
Moynihan, 1972; Ambrus, Moynihan and Macedo, 1972; Angell and Bressell, 
1972; Angell and Smith, 1982; Moynihan et al. 1971; Moynihan, 1966) change as 
an exponential function of T ~K Once in the truly glassy state, that is well below 
Tg, these properties are essentially zero relative to the parent liquid state, but not 
necessarily for the motion of small ions (Ambrus, Dardy and Moynihan, 1972; 
Ambrus, Moynihan and Macedo, 1972; Angell and Bressell, 1972; Moynihan, 
Balitactac, Boone and Litovitz, 1971; MacFarlane and Wong, 1985). Thus 
diffusion-limited biochemical reactions will not necessarily cease absolutely in the 
glassy state; their rates however will be many orders of magnitude lower than at 
room temperature.
The material properties of the glassy state include thermal conductivity and 
fracture strength. The limited fracture strength of the totally vitreous material 
coupled with the thermal contraction which takes place during cooling below Tg 
will cause the sample to fracture if the cooling is too rapid. Ensuring uniformity of 
temperature throughout the sample is essential to prevent fractures. If significant 
thermal gradients arise then the exterior of the sample contracts more rapidly than 
the core, placing the surface under stress thereby leading to fracture. To avoid 
fracture a solution should not be cooled rapidly below Tg - 20°C. Cooling below 
this point should than be carried out at rates of the order of 10°C hr"* to ensure 
complete thermal equilibration (MacFarlane, 1987).
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1.5.2.5. Devitrification of Glass During Warming
One of the main problems of cryopreservation by vitrification is that glassy 
solutions tend to devitrify, or form ice upon warming or thawing. As a consequence 
the cryopreserved biological material is likely to be damaged during warming to 
room temperature, even though ice formation was avoided during cooling. In the 
cryobiological application of vitrification the minimum concentration of solutes 
necessary to allow vitrification is chosen, as higher concentrations of solutes, 
though allowing formation of good glasses, are almost always toxic (Fahy et al. 
1984). It appears that solutions with concentrations of solutes just adequate to 
allow vitrification may have the 7^ a little above Tg (MacFarlane, Kadiyala and 
Angell, 1983). Quite transparent glasses are formed under these conditions. 
However nucleation is likely to have occurred during cooling, but the nuclei have 
not had sufficient time to grow to macroscopic dimensions. Hence in this case a 
glass is formed which contains ice nuclei. These are not able to grow because of 
the low and continously dropping molecular mobility as Tg is approached during 
cooling. These glasses are thus termed doubly unstable by Angell et al. (1981) 
since they are simultaneously in states that are unstable (no longer metastable) 
with respect to both liquid and crystalline phases.
Truly stable glasses can be obtained by moving to compositions where T^ is less 
than Tg. This however involves concentrations of the order of 40% w/w of total 
solutes at which the solutions are toxic to biological materials (Fahy et al. 1984). 
Therefore in practice, we are generally restricted to the absolute minimum 
concentration needed for vitrification, and this is well within the doubly unstable 
region. Doubly unstable glasses are of considerable interest as they invariably 
contain ice nuclei, and the implications for survival of frozen biological materials 
is immense. If doubly unstable glass is heated through Tg to temperatures where 
the liquid has a higher mobility, then these nuclei begin to grow and ice appears as 
it would have done during cooling if not for the low and constantly falling 
mobility. This process is termed devitrification and is an intrinsic property of all 
doubly unstable glasses. The underlying process in devitrification is the growth of 
both the pre-existing nuclei and those formed during warming.
Since it is very likely mostly doubly unstable glasses will be utilised for 
cryopreservation it is important to prevent ice formation during thawing 
procedures. The growth of ice nuclei is kinetic in nature. Can devitrification be 
avoided if the sample is heated sufficiently rapidly that no significant volume of ice
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is formed?. This is important as ice formation during thawing can be as damaging 
as ice formation during cooling. The original work on the behaviour of vitrified 
aqueous solutions to warming was by Luyet and his colleagues (Luyet, 1965; Luyet 
and Rapatz, 1958; Luyet and Rasmussen, 1967 & 1968; MacKenzie, 1977). The 
importance of devitrification as a major consideration in cryopreservation led a 
number of workers to investigate the process with special reference to the heating 
rate in a variety of solutions (Boutron, 1979, 1983 & 1984; Boutron and 
Kaufmann, 1978 & 1979; Boutron, Kaufmann and Nguyen Van Dang, 1979; 
Boutron et al., 1982; Cocks, Hildebrandt and Shepard, 1975; Korber, Schiewe, 
Boutron and Rau, 1982; MacFarlane, Angell and Fahy, 1981; MacFarlane, 1985). 
It was observed that at higher heating rates it was possible virtually to halt the 
growth of ice (MacFarlane, 1986). Warming under high pressure also results in 
lower ice growth rate due to an increase in Tg and decrease in diffusivity. The 
extent of ice production is always lower with increased pressure and the critical 
warming rate at which devitrification is suppressed is reached more easily. 
Pressures as moderate as lkbar can be damaging to cells but the presence of the 
cryoprotectant in cells appears to nullify this effect. This protective effect of 
cryoprotectants is termed baroprotection (Fahy et al. 1984).
1.5.3. Dilution of Cryoprotectant
Audrey Smith (1952, 1953) was probably the first person to have described the 
importance of cryoprotectant removal by gradual dilution. This is essential to avoid 
osmotic shock and cell death. Whittingham and Wales (1969) observed poor 
viability in 2-cell mouse embryos with 1-step addition or removal of 16% DMSO. 
Although rapid dilution of 1.5M DMSO was found by some workers to be 
detrimental to late morula and blastocyst stage sheep and cattle embryos 
(Willadsen, Polge and Rowson, 1978a,b), others did not observe any such 
deleterious effect of 1-step dilution of 1.5M DMSO (Whittingham et al. 1979) or 
1.0 to 2.0M DMSO (Schneider and Maurer, 1983) on 8-cell and blastocyst stage 
mouse embryos, when diluted at 20°C and 37°C. These findings suggest that 
sheep and cattle embryos and earlier developmental stages of mouse embryos are 
more susceptible to osmotic injury during cryoprotectant removal than are some 
developmental stages of mouse embryos. Swelling is the main cause of osmotic 
damage. Schneider and Mazur (1984) showed that the maximum osmotic swelling 
or volume increase that a mouse blastocyst can withstand is 2.7 fold for 30 minutes 
at 23°C. Cryoprotectant removal is an important consideration because permeated 
cells swell immediately upon exposure to physiological media but return to normal
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gradually. As described earlier the permeability of cell membranes to water is 2000 
to 5000 times greater than to any other solute (Jackowski et al., 1980; Leibo, 1980). 
The rate of entry of water into the embryo to restore equilibrium is significantly 
faster than the rate at which cryoprotectant can leave the embryo, hence the sudden 
swelling. The cryoprotectant will continue to leave the embryo until almost all the 
cryoprotectant is out of the embryo and the intra and extracellular environments are 
in equilibrium. To prevent osmotic shock some workers investigated stepwise 
dilution of cryoprotectant (Wilmut, 1972a,b; Willadsen et al. 1974; Whittingham et 
al. 1972). The work of Schneider and Mazur (1984) on cattle embryos with regard 
to stepwise dilution suggests that equal steps do not produce equal increments in 
volume. Their calculations for the removal of 1.5M glycerol show that for best 
survival rates, the first step should be to 0.6M, then to 0.3M and finally to 0M 
glycerol.
To overcome the time consuming and tedious procedure of step-wise 
cryoprotectant removal Kasai et al. (1980) employed sucrose, a non-permeating 
sugar, for cryoprotectant removal from embryos. They obtained good survival rates 
(82%) if the frozen-thawed mouse morulae were transferred from the freezing 
medium into solution containing 2.0M DMSO + 0.5M sucrose and then into 0.5M 
sucrose. (These workers have used DMSO as the cryoprotectant for freezing 
mouse morulae.) Niemann, Scaher, Schilling and Smidt (1982) employed a similar 
glycerol gradient to obtain significantly better post-thaw viability than from step­
wise glycerol dilution.
Sucrose dilution was originally employed by Valeri, Runck and Brodine (1969) for 
removal of glycerol from frozen-thawed red blood cells. The use of sucrose for the 
removal of cryoprotectants from frozen-thawed embryos was suggested by Leibo 
and Mazur (1978). Sucrose prevents cell swelling while cryoprotectant removal is 
being achieved at the same time, and hence protects the cell from osmotic injury. 
Initial swelling of the cell occurs whenever the molarity of the cryoprotectant 
employed is much higher than the molarity of the sucrose used. In dilution 
medium containing sucrose, the cell will lose water and shrink to maintain osmotic 
equilibrium but regain its original volume when exposed to physiological medium 
(Schneider and Mazur, 1984).
In recent years, it was suggested that trehalose, a glucose disaccharide, often found 
at high concentrations in many organisms capable of surviving dehydration 
(Crowe, Crowe and Chapman, 1984) had the capacity to maintain membrane
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integrity in freezing solutions (Crowe, Crowe, Carpenter and Wistrom, 1987) and 
thus had potential as a non-permeating cryoprotectant (Crowe et al., 1987; Honadel 
and Killian, 1988). Krag et al. (1985) and Honadel and Killian (1988) observed that 
trehalose was as effective as sucrose in one-step dilutions. Smorag, Heyman, 
Gamier and Gajda (1990) conducted a toxicity study of 1.45M trehalose, 2.0M 
sucrose and 2.5M sucrose on 1- and 2-cell rabbit embryos at exposure 
temperatures of 20°C and 38°C for 30 minutes. At both temperatures both 1- and 
2-celled rabbit embryos exhibited poor viability when exposed to 2.0 and 2.5M 
sucrose. Under similar conditions when exposed to 1.45M trehalose, 46.3% and 
50.6% of 1-celled embryos survived at 20°C and 38°C respectively after 30 
minutes exposure. With 2-celled embryos 53.2% and 55.5% survived after 
exposure for 30 minutes at 20°C and 38°C respectively in 1.45M trehalose. 
Previous studies by Honadel and Killian (1988) demonstrated that the toxicity of 
trehalose to day-3 mouse embryos at ambient temperature increased with 
increasing concentration. They observed that after exposure for 30 minutes 88% 
survived in 0.1M trehalose, 54% survived in 0.25M, and none survived at 0.5M, 
1.0M or 1.5M concentration. Both groups (Honadel and Killian, 1988; Smorag et 
al., 1990) have looked at only one exposure duration of 30 minutes. The exposure 
duration most often employed in cryopreservation of embryos is in the order of 10 
minutes. With shorter exposure durations of about 10 minutes the toxicity of 
trehalose or sucrose is likely to be lower than at 30 minutes. Therefore the results 
of these two studies should be interpreted with caution. Previous studies conducted 
in this laboratory (Szell and Shelton, 1986a) have shown that at 20°C, exposure of 
8-cell mouse embryos to 1.0M sucrose for 30 minutes had no adverse effects on 
survival. Exposure for 30 minutes at 25°C and 36°C in 1.0M sucrose significantly 
affected the developmental potential of the embryos. At 25°C although survival 
rate was significantly different from survival of untreated embryos, 73% 
developed to the blastocyst stage. Exposure for 10 to 20 minutes at 25°C had no 
effect on embryo survival. At 36°C the effect was pronounced with only 3% 
surviving after exposure to 1.0M sucrose for 10 minutes and, none developed after 
exposure for 20 minutes or more. Clearly the temperature and duration of exposure 
are important factors with regard to toxicity of sucrose and other non-permeating 
sugars to mouse morulae.
The effectiveness of one-step dilution of cryoprotectant from cattle embryos was 
first demonstrated by Renard, Heyman and Ozil (1981). The one-step dilution 
method has found widespread use and a number of studies have been conducted to 
determine the optimal sucrose concentration for mouse embryos (Merry, Allen,
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Krag and Wright, 1983), sheep embryos (Merry, Bondioli, Allen and Wright, 1984) 
and cattle embryos (Suzuki, Yamamoto, Ooe, et al., 1990). Although no significant 
differences were found between one-step 1M sucrose dilution and stepwise dilution 
of frozen-thawed mouse embryos, a number of embryos with damaged zonae or 
with absent zonae were further damaged during the repeated handling neccessary in 
stepwise dilution. The dilution of 1M glycerol with 1M sucrose gave the best 
results (Merry et al., 1983). A subsequent study with frozen-thawed sheep embryos 
suggested that one-step dilution of glycerol with 0.25M sucrose was inferior to the 
stepwise dilution method. The one-step 1M sucrose dilution method was also 
inferior to the stepwise dilution method (Merry et al., 1984). Bielanski, Schneider, 
Pawlyshyn and Mapletoft (1986) demonstrated 1-step 1M sucrose dilution in cattle 
embryos to be superior to step-wise dilution. Suzuki et al. (1990) suggested that 
cryoprotectant can be diluted from cattle embryos directly with physiological 
medium when 1.6M propanediol was used as the cryoprotectant. When 1.4M 
glycerol was the cryoprotectant, 0.8M sucrose gave the best survival rate. Embryos 
frozen with 1.6M propanediol and diluted with 0.2M sucrose gave the overall in 
vivo survival rate of 60.6% (23/33) as compared to embryos frozen in 1.4M 
glycerol and diluted with 0.2M sucrose which resulted in a pregnancy rate of 
13.3% (2/15).
Unfortunately these experiments did not provide a definitive answer as to the best 
procedure for 1-step dilution of cryoprotectant from frozen-thawed embryos. This 
is understandable as many variables such as species, developmental stage, 
cryoprotectant, and temperature would be expected to have an influence on the 
procedure
The 1-step dilution method has considerable practical importance in that it makes 
field work much easier. Renard et al. (1981) showed one-step dilution can be 
performed in situ within the straw. Leibo, West and Perry (1982a) also 
demonstrated a similar in-straw dilution technique. The in-straw dilution method 
facilitates the transfer of embryos directly from the straw within which the embryos 
were frozen, thawed and diluted. Both groups (Renard, Heyman and Ozil, 1982 and 
Leibo et al., 1982a) patented the technique. Pregnancy rates of 44% (15/34) and 
26% (327/1259) have been reported (Leibo, West and Perry, 1982b). There were 
minor variations between these two techniques but Chupin et al. (1984) could not 
find any significant differences between these two methods with regard to 
pregnancies obtained. They obtained a pregnancy rate of 44.7% (21/47) with the 
method of Renard et al. (1981, 1982); and a pregnancy rate of 42.4% (41/99) with
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the method of Leibo et al. (1982a). Schiewe, Rail, Stuart and Wildt (1990) have 
described an in situ straw dilution for vitrified sheep embryos with favourable 
results.
The effect of warming conditions on the survival of mouse embryos was 
investigated by Rail, Meyer and Leibo (1986). They observed that cryopreserved 
mouse embryos diluted by an in-straw 1-step sucrose dilution procedure exhibited 
high survival irrespective of the rate of warming over a range of about 150 to 
2500°C per minute. Methanol, a highly permeating solvent was found not to 
require any diluent at all due to its property of high membrane permeation (Rail, 
Czlonskowka, Barton and Polge, 1984).
1.6. Factors Affecting Survival of Cryopreserved Embryos.
1.6.1. Toxicity of Cryoprotectants
Toxicity of cryoprotectants cannot be attributed to osmotic stress alone but to a 
number of biochemical injuries as well. Biochemical injuries are most likely due 
to interaction of the cryoprotectant with proteins and biological membranes and 
may include inactivation or denaturation of enzymes, disruption of transmembrane 
ionic pumps, or related pertubations of cellular structure and function. The classical 
report of Baxter and Lathe (1971) is the most quoted paper in the area of 
cryoprotectant toxicity and is considered the most complete (technically) 
biochemical analysis of cryoprotectant toxicity. Besides biochemical injuries a 
number of other factors involved in the process of cryopreservation can be 
detrimental to the survival of the cell. Each of these factors will be described in 
subsquent sections:
1.6.1.1. Biochemical Toxicity of Cryoprotectant Solutions
A wide variety of cryoprotectants are in use in cryopreservative procedures. Due to 
differences in the chemical nature of cryoprotectants their biochemical effects are 
also likely to differ from cryoprotectant to cryoprotectant. Baxter and Lathe (1971) 
investigated kidney preparations after exposure to 30% DMSO at various 
temperatures and recorded the effect on the metabolism of the exposed cells at 
37°C. The respiratory control index of mitochondria was little affected by 30% 
DMSO at 4°C. Homogenate respiration and nuclear ATPase were inhibited. 
Anaerobic glycolysis of slices and homogenate were also reduced due in part to
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activation of fructose diphosphatase (FDPase) by DMSO. They were however able 
to prevent the activation of FDPase and inhibition of glycolysis by adding urea or 
lysine along with DMSO. In addition to urea and lysine a number of amides too 
were able to neutralise the toxic effect of DMSO; hence the incorporation of 
acetamide in cryoprotectant solutions containing DMSO.
A number of effects on cell organelles, enzymes and metabolism have been 
described for various cryoprotectants. These include induction of protein-free 
membrane blisters by DMSO and glycerol (McIntyre, Gilula and Kamovsky, 1974; 
Vandenburgh, 1977); induction of cell fusion by DMSO, glycerol and sorbitol 
(Ahkong, Fisher, Tampion and Lucy, 1975); accumulation of high concentrations 
of a metabolite of glycerol, L-glycerol-3-phosphate due to phosphorylation of 
glycerol (Burch, Lowry, Meinhardt, Max and Hyu, 1970; Jans and Willem, 1988; 
Sestoft and Floron, 1975; Sestoft, Folke, Bartels, Gammeltoft and Kristensen, 
1977); polymerization of tubulin and alteration of the meiotic spindle by DMSO, 
propylene glycol, glycerol and formamide (Hahne and Hoffman, 1984; Johnson 
and Pickering, 1987; Kennedy, 1986; Renard and Pruliere, 1988; Robinson and 
Engelborghs, 1982; Rubin and Weiss, 1975; Salmon, 1975; Van der Elst, Van den 
Abbeel, Wisse and Van Steirteghem, 1988; Vincent, Pickering, Johnson and Quick, 
1990; Aigner, Siebzehnrubi, Van der Eist, et al. 1991); alteration of actin 
interactions by propylene glycol and DMSO (Nguyen, Pajot-Augy, Campion, 
Pruliere, 1988; Renard and Pruliere, 1988; Vincent, Pruliere, Pajot-Augy, et al., 
1987; Vincent et al., 1990); induction of aneuploidy, mixed ploidy or chromosomal 
damage by DMSO and propylene glycol (Fulton and Bond, 1984; van der Elst et 
al., 1988; Shaw, Kola, MacFarlane and Trounson, 1991); induction of cysteine cross 
linkage to form cystine by DMSO (Snow, Finley and Friedman, 1975); alteration 
of RNA polymerase by ethylene glycol (Brody and Leautey, 1973) and impairment 
of ribosomal subunit reassociation after ethylene glycol removal (Fox, Owens and 
Wong, 1979); changes in DNA-nucleosome binding by IM ethylene glycol at 
25°C (Schwartz and Fasman, 1979); alteration of the genetic expression by 
formamide, acetamide, DMSO, glycerol, ethylene glycol and 1,3-propanediol 
(Kennedy, 1986; Nakanishi, Adhya, Gottesman and Pastan, 1974); destabilization 
of nucleic acid duplexes and DNA by ethylene glycol, glycerol, DMSO, 
formamide, urea, propylene glycol and acetamide (Hickey and Turner, 1985; 
Herskovits and Bowen, 1974; Herskovits and Harrington, 1972). DMSO is reported 
to lyse plasma membranes (De Bruijne and Van Steveninck, 1969) and affect 
membrane transport and protein synthesis (DeLoecker, Fuller and DeLoecker, 
1991); propylene glycol alters membrane integrity, intracellular pH and affects the
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developmental potential of mouse zygotes (Damien, Luciano and Peluso, 1989, 
1990). The above are only some of the reports on the many effects of 
cryoprotectants on cell organelles and metabolism. The toxic effects of 
cryoprotectants have been reviewed (Fahy, 1986; Fahy, Lilley, Linsdell, Douglas 
and Meryman, 1990).
Although much has been learnt of the effect of various cryoprotectants on proteins 
of the cell, less is known of the actual biochemical mechanisms of the toxic effect. 
Recently Arakawa, Carpenter, Kita and Crowe (1990) have attempted to elucidate 
the mechanisms by which cryoprotectants exert toxicity on the cell. From available 
evidence they have proposed a hypothesis which suggests that cryoprotectants 
stabilize proteins during freezing and destabilize them at physiological 
temperatures. The key factor determining the influence of a co-solvent on the 
stability of a protein is whether the co-solvent is excluded from or binds to the 
protein. Preferential exclusion of co-solvent results in stabilization of the protein, 
whereas preferential binding can result in protein denaturation. DMSO, 
polyethylene glycol, 2-methyl-2,4-pentanediol, ethanol and ethylene glycol are 
preferentially excluded from the hydration shell of the proteins at low 
temperatures; which leads to stabilization. In contrast, at higher temperatures these 
cosolvents interact hydrophobically with proteins and thus act as protein 
destabilizers or denaturants.
1.6.2. Freezing Injury in Cells
Intracellular ice is by far the most well known cause of cell death. Cooling rates too 
fast to allow adequate dehydration of the cell, result in intracellular ice formation, 
and potential cell death (Mazur, 1963). Intracellular ice formation does not always 
result in cell death; a certain level of intracellular ice formation is tolerated by the 
cell (Rail, Reid and Farrant, 1980). Intracellular ice formation and cell death has 
been described in section 1.4 of this report.
Fracture of the glassy state is a frequent occurrence during vitrification. The 
formation of fracture planes in embryo suspensions during freezing may produce 
cracks in zonae pellucidae and blastomere damage. Fracture could occur either 
during cooling or warming (Lehn-Jensen and Rail, 1983; Rail and Meyer, 1986). 
The fracture of the vitreous solid during cooling or warming depends on the 
interaction of several factors, in particular, the mechanical properties of the 
container wall, the elastic strength of the vitreous solid, the size of the sample, the
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temperature gradient within the sample, and the rate of change of temperature. One 
consequence of vitrification of solutions is the formation of very small ice nuclei 
within the glassy state (MacFarlane, 1986). The presence and formation of 
additional nuclei during warming makes the vitreous solid susceptible to 
devitrification (crystallization) when sufficient time is available for crystalization 
to occur. Devitrification has been found to be associated with death of embryos 
(Rail, Reid and Polge, 1984). This injury can be prevented when the rate of 
warming is high enough to prevent crystallization of ice. Luyet and Gehenio (1940) 
have demonstrated that extracellular formation of ice is not harmful to cells and 
tissues. The survival of cells in conventional slow or rapid cooling techniques 
provides sufficient evidence that extracellular ice is harmless and is not capable of 
causing cell injury.
1.6.3. Influence of Species and Stage of Development
Previous reports suggest that most embryos can tolerate cooling to subzero 
temperatures except for the pig embryo which cannot survive cooling below 15°C 
(Wilmut, 1972a; Polge, Wilmut and Rowson, 1974). Recently, Nagashima (1991) 
was cited (Niemann, 1991) to have succeeded in obtaining two normal offspring 
following transfer of in vitro hatched pig blastocysts after storage in liquid 
nitrogen. A number of workers have also reported poor viability of frozen-thawed 
cattle embryos in the uncompacted stage and earlier developmental stages of the 
embryo.
Most freezing techniques were developed employing the mouse embryo. 
Whittingham, Lyon and Glenister (1977) and Schmidt, Hansen and Wildt (1985) 
demonstrated the influence of the maternal and paternal strain on the viability of 
frozen-thawed embryos. Application of cryopreservation techniques originally 
developed for one mammalian species to another soon demonstrated inter-species 
variation in response to cryopreservation with a particular regime (Wilmut and 
Rowson, 1973; Bank and Maurer, 1974; Whittingham and Adams, 1974). The 
inter-species differences in the response of embryos to freezing may be explained 
at least partly on the basis of size which determines surface area to volume ratio 
with consequential effects on the osmotic response and dehydration during 
freezing. The diameter of mouse eggs (70-80um) is smaller than that of eggs of 
large farm animals (135-150um) (Polge, 1977) or human eggs (130um) (Biggers, 
1977).
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Similarly attempts at freezing Day-5 morulae and lower developmental stages of 
cattle embryos have not been successful, as they appear to be irreversibly damaged 
by cooling to 0°C (Polge, Wilmut and Rowson, 1974; Wilmut, Polge and Rowson, 
1975; Trounson, Willadsen and Rowson, 1976a; Trounson et al., 1976b). Cattle 8- 
cell embryos lost the spherical arrangement of their blastomeres and the distribution 
of cellular organelles became irregular when cooled to 4°C (Mohr and Trounson, 
1981). Day-10 to -11 cattle embryos also suffer extensive damage during freezing 
(Tervit, Elsden and Farrant, 1981). Work on freezing cattle embryos has mostly 
concentrated on Day-6 to -7 late morulae and blastocysts (Bilton and Moore, 1977; 
Willadsen, Polge and Trounson, 1977, Willadsen, Polge and Rowson, 1978a). 
Pronuclear stage and two-cell cattle embryos were successfully frozen by Vincent 
et al. (1985). Sheep embryos are capable of tolerating cooling at all stages of 
preimplantation development and can be frozen successfully (Polge, Wilmut and 
Rowson, 1974; Willadsen et al.,1976a)
Due to moral, ethical, legal and religious reasons human embryos have not been 
subjected to the kind of experiments and rigorous investigations to which other 
mammalian embryos have been subjected. It is therefore not surprising that almost 
all reported methods employed for freezing human embryos differ significantly 
from each other with regard to freezing regime, cryoprotectants employed and the 
developmental stage at which the embryos were frozen. Trounson and Mohr (1983) 
used 4-to 8-cell embryos and were the first to report a human pregnancy after 
tranfer of cryopreserved human embryos. They employed numerous freezing 
regimes and two different cryoprotectants, DMSO and glycerol, with limited 
success. The overall pregnancy rate was 1 in 15. Zeilmaker, Alberda, Van Gent, 
Rijkmans and Drogendijk, (1984) used 4- to 16-cell human embryos and DMSO 
also with limited success. Cohen, Simons, Edwards, Fehilly and Fishel, (1985) 
employed morulae and blastocysts with glycerol as cryoprotectant, also with little 
success in terms of live bom. In vitro survival post-thaw was superior with the 
method employed by Zeilmaker et al. (1984)
1,2-propanediol is probably the most commonly used cryoprotectant for human 
embryo cryopreservation (Lasalle, Testart and Farrant, 1985).
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1.6.4. Differences Between Embryos of Untreated and Superovulated Donors
Gates (1971) could not find any difference in the developmental potential of fresh 
day-4 mouse morulae from superovulated and untreated donors. However the 
number of live young obtained after transfer of cryopreserved embryos were fewer 
in the superovulated group as compared to those of the untreated donors. 
Mobraaten (1986) also reported that embryos derived from superovulated 
BALB/cBy mice were less viable in utero as compared to naturally ovulated 
embryos. It also appears that rabbit embryos of superovulated donors have lower 
viability after freezing than those of untreated donors (Renard, 1979 cited by 
Smorag, Katska and Wierzbowski, 1981).
1.6.5. Difference in Tolerance Between Freshly Collected and Cultured Embryos 
to Cryopreservation
It has been reported that culture of mammalian embryos lowers their viability as 
evidenced by a reduction in the implantation rate. (Adams, 1970; Schneider, Al- 
Hasara, Hahn and Dankowski, 1982). Cultured embryos also have reduced ability 
to survive cryopreservation (Techakumphu, Wintenberger-Torres, Sevellec and 
Menezo, 1987). Recent studies (Smorag and Gajda, 1991) on the vitrification of 
cultured and freshly collected rabbit embryos from the 8-cell to blastocyst stage 
suggest that the viability of vitrified cultured rabbit embryos is lower than that of 
freshly collected embryos. It was also observed that the susceptibility of cultured 
embryos increased with duration of culture. With rabbit morulae however, there 
was no difference between in vitro development of the vitrified non-cultured 
morulae (89.1%) and of those derived from culture of 2-cell rabbit embryos 
(93.8%) and co-cultured morulae (91.2%). In vivo development, however, of 
cultured and vitrified embryos was 2.2. times lower than of freshly collected and 
vitrified embryos. Studies by Trounson, Willadsen and Rowson (1976) suggest that 
although the majority of cattle embryos cultured to the blastocyst stage appear to 
be viable, pregnancy rates are 8 to 15% lower than those reported for direct transfer 
without culture. Recently Hyttel and Niemann (1990) studied the ultrastructurai 
difference of cultured and fresh pig embryos from the 4-cell to blastocyst stage. In 
general the morphology of in vivo and in vitro grown embryos were quite similar. 
However two major ultrastructurai deviations were observed in about 50% of the 
cultured embryos. First, nucleoli-like structures were found outside the nuclei in 
the cytoplasm of the blastomeres. These structures were spherical and composed of 
chromatin-like material containing characteristically a single large and several
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small vacoules. The structures were frequently associated with the smooth 
endoplasmic reticulum. A second deviation was the presence of aggregates of 
smooth endoplasmic reticulum appearing as spiral coils or multiangular complexes. 
Some embryos exhibited both type of deviations. The physiological significance of 
these deviations is speculative at the moment. Shaw and Bafaro (1990) compared 
the developmental potential of one-celled mouse embryos fertilised in vivo and in 
vitro after freeze-thaw with a rapid DMSO method. Sixty-four per cent of in vivo 
fertilised embryos developed to the blastocyst stage and 70% of transferred 
embryos developed into fetuses. With in vitro fertilised embryos however, 50% 
developed to the blastocyst stage and 40% of the transferred embryos developed 
into fetuses.
1.7. Aims of the Present Investigation
Vitrification appears to offer the prospect of a simple and rapid method for 
cryopreservation of mammalian embryos. This project was designed primarily to 
further our knowledge of cryopreservation by vitrification. The experiments had 
the following aims:
(i) to examine systematically the capacity of a number of cryoprotectants and 
combinations thereof to vitrify during freezing and to thaw without formation of 
ice
(ii) to define the toxicity of cryoprotectants to mouse embryos
(iii) to assess the osmotic response of mouse and sheep embryos to vitrification 
solutions
(iv) to assess the viability of mouse and sheep embryos subsequent to freezing and 
thawing in selected vitrification solutions
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CHAPTER 2: MATERIALS AND METHODS
2.1. Materials
2.1.1. Animals
2.1.1.1. Mice
All mice were obtained from the Animal Breeding Establishment (ABE) of the 
John Curtin School of Medical Research when 3 to 4 weeks old. The mice were 
allowed to acclimatise to a light/dark cycle of 14/10 hours for at least 3 weeks. 
Swiss random bred (S.O.) females were used as embryo donors and C57BL/6J as 
embryo recipients. Fj C57BL/6J x SJL/J female mice were mated with S.O. males 
to generate embryos with F j cytoplasm (which for convenience will be referred to 
as Fj embryos in this thesis) for experiments on embryo culture and some freezing 
experiments.
2.1.1.2. Sheep
Sheep embryo donors and recipients were aged (more than 4 years old) multiparous 
Merino ewes. The rams used as entire rams or vasectomised were of the same 
breed. The sheep were run on pasture except during periods of treatment for 
superovulation.
2.1.2. Chemicals
All chemicals used were of A.R. or tissue culture grade, and water for making 
media and solutions was obtained from Milli Q (Millipore, USA) or Nanopure 
(Bamstead, USA) purification systems and had a resistivity of at least 18 mega 
ohms.
2.1.2.1. Serum
Fetal calf serum (FCS) in bottles of 500ml was obtained from Commonwealth 
Serum Laboratories, (Melbourne, Australia). Prior to use the FCS was heat 
inactivated. After sterilization the serum was stored at -20°C in 50ml sterile plastic 
flasks (Coming, USA) each containing 30ml of serum. The suitability of the serum
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was tested by culturing day-2 mouse embryos to the blastocyst stage in medium 
supplemented with a sample from the batch under test.
Sheep serum was obtained by jugular venipuncture using a 20ml disposable plastic 
syringe fitted with a disposable 18g needle (Terumo, Japan). Blood was gently 
emptied into 100ml sterile plastic specimen containers which were then placed at 
an angle and allowed to clot overnight. The following day the serum was separated 
by centrifugation, heat inactivated, filtered sterile and stored at -20°C in 5ml 
portions in 6ml sterile plastic tubes (Falcon Plastics, BD, USA).
2.7.2.2. Media for Culture and Handling of Embryos
Whitten's medium (WM) (Whitten, 1971) prepared according to the modifications 
of Cross and Brinster (1973), was used for culture of mouse embryos. The 
modifications included a reduction in the concentration of sodium pyruvate from 
0.318mM to 0.270mM and of calcium lactate from 1.72mM to 0.860mM and the 
inclusion of 10.8uM EDTA (Abramczuk, Solter and Koprowski, 1977). Hepes 
buffered Whitten's medium (HWM) containing 3.619mM sodium bicarbonate and 
25mM sodium Hepes adjusted to pH 7.2 to 7.25 at room temperature was used for 
handling mouse embryos. Both the media were filtered sterile using disposable 
filter units of 0.2um pore size (Nalgene, USA) and stored at 4°C in 50ml sterile 
flasks (Coming,US A). Fresh media (WM and HWM) were prepared every three to 
four weeks.
Synthetic oviductal fluid (SOF) (Tervit, Whittingham and Rowson, 1972) was used 
for culture of sheep embryos and was prepared according to the modifications of 
Walker, Seamark, Quinn, Wames, Ashman, Smith and Ancell (1988,1990). Hepes 
buffered SOF (HSOF) was used for handling and temporary holding of sheep 
embryos. This medium was prepared according to the modifications of Walker et 
al. (1990). It contained 4.0 ImM sodium bicarbonate and 25mM sodium Hepes and 
the pH was adjusted to 7.5. The working SOF and HSOF contained 20% heat 
inactivated sheep serum. The media were treated as described for WM and HWM 
but fresh SOF and HSOF were prepared every fortnight.
Hepes buffered medium 199 was used for flushing sheep uterine horns in the 
recovery of embryos. Hepes buffered powdered medium 199 was obtained from 
Flow laboratories (Irvine, Scotland) and was made up in purified water according 
to the instructions of the manufacturer. Sodium bicarbonate in the order of
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l0.012mM was incorporated. The medium was filtered sterile and stored at 4°C. 
Prior to use FCS 5% (v/v) was incorporated in the medium.
2.1.3. Sterile Plasticware
Gamma irradiated sterile tissue culture grade plasticware was obtained from Nunc, 
Denmark; Coming, USA; and Falcon Plastics, Becton Dickinson, USA. Sterile 
disposable filter assemblies (110ml, 250ml and 1L) were obtained from Nalgene, 
USA. Sterile disposable filters were obtained from Sartorius, Germany and 
Millipore, USA. Sterile disposable hypodermic needles and plastic syringes were 
obtained from Terumo Corporation, Japan, and Becton and Dickinson, USA.
2.1.4. Hormones
Intravaginal sponges (Chrono-Gest, Intervet Australia Pty, Artarmon, NSW) 
containing 40mg flugestone acetate were used for synchronization of oestrous in 
donor and recipient ewes. Hormone preparations used for the superovulation of 
mice were pregnant mare serum gonadotropin(PMSG; Folligon, Intervet 
International B.V., Boxmeer, Holland) and human chorionic gonadotropin (hCG, 
Chorulon, Intervet International B.V., Boxmeer, Holland). The hormone 
preparations used for sheep superovulation were PMSG (Folligon) and follicle 
stimulating hormone (FSH; F.S.H-P, Schering Corporation, USA).
2.2. Methods
2.2.7. Sterile Techniques
Unless otherwise stated all techniques and procedures described in this report were 
carried out observing standard sterile or aseptic procedures.
2.2.2. Generation of Embryos
2.2.2.1. Synchronization of Mouse Oestrous Cycles by Whitten Effect
A male was placed in close proximity with 10 to 20 Swiss outbred (S.O.) females 
separated by a wire grid to synchronise the oestrous cycles of the females. This is 
termed the Whitten effect (Whitten, 1957b). On third night of exposure to the 
"teaser" male, the females were placed with S.O. stud males in the ratio of one
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male to one female. The following morning the females were checked for the 
presence of copulation plugs in the vagina. The day copulation was detected was 
considered as day 1 of pregnancy.
2.22.2. Superovulation of Mice
When a large number of preimplantation embryos were required S.O. females 
were treated with gonadotropins prior to mating (Fowler and Edwards, 1957). 
Superovulation was induced by the administration of 10 i.u. of pregnant mare 
serum gonadotropin (PMSG) intraperitoneally. Immediately after PMSG injection 
the females were exposed to the "teaser" male as described in section 2.2.2.1. Forty 
six to forty eight hours later 10 i.u. of human chorionic gonadotropin (hCG) was 
administered intraperitoneally. After hCG administration each female was placed 
in a cage with a stud male in a ratio of one female to one male and checked for 
copulation plug the following morning. PMSG and hCG were made up in sterile 
PBS to contain 100 i.u. per ml for each preparation and stored at -20°C.
2.22.3. Sup er ovulation and Insemination of Ewes
Mature Australian Merino ewes were used as embryo donors. Their oestrous cycles 
were synchronised by the insertion of intravaginal sponges containing 40mg 
flugestone acetate (Chrono-Gest, Intervet Australia Pty, Artarmon, NSW) for 12 
days. Superovulation was induced with follicle stimulating hormone (FSH) and 
pregnant mare serum gonadotropin (PMSG) in combination (Ryan, Bilton, Hunton 
and Maxwell, 1984). Treatment consisted of 12 mg FSH and 500 i.u. of PMSG 
given intramuscularly two days before removal of the sponges.
The ewes were joined with rams fitted with sire-sine harnesses and crayons in the 
ratio of one ram to two ewes, immediately after removal of the sponge. To ensure 
fertilization intrauterine insemination was carried out by laparoscopy 36-48 hours 
after sponge removal (Killeen and Caffery, 1982). The ewes were starved for 12 
hours prior to laparoscopy. Each ewe was placed on the laparotomy cradle 
(Blockey, Englund and Cumming, 1972) and the wool on the abdomen was shorn 
over an area extending about 20cm anterior to the mammary glands. After 
injection of local anaesthetic two cannulae (10.5 and 7.0mm O.D.) were inserted 
with the aid of trocars into the abdomen about 5 to 8cm anterior to the udder on 
either side 3 to 5 cm from the midline. Care was taken not to damage the large 
subcutaneous blood vessels. The trocar was directed so as not to puncture the
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bladder or damage the femoral artery. After inflation of the abdominal cavity with 
CC>2 an endoscope (American Cytoscope Makers Inc., New York, USA) (9mm 
O.D.) was introduced through the larger cannula. In ewes on which laparotomy had 
not been performed previously and which were in medium or less than medium 
condition, the uterine horns were usually visible and accessible immediately after 
insertion of the endoscope. Adhesions caused by previous operations or more than 
normal amounts of body fat sometimes hindered the operation and made access to 
the uterus more difficult. In such cases the intestines and connective tissues were 
manipulated with a probe.
Semen was collected from Merino rams by electroejaculation and the motility and 
density of the ejaculates were determined under a microscope. The specimen was 
again observed under the microscope after dilution 1:1 with PBS and after 
completion of insemination to determine quality of the semen. Inseminations were 
performed with a glass insemination pipette 25cm in length (I.D. 2.0mm, O.D. 
6.5mm) to which a 1ml syringe was fitted. The other end of the pipette which was 
tapered and sharp was introduced into the abdominal cavity through the smaller 
cannula and directed to the uterus. After puncture of the uterine wall semen was 
expelled from the pipette. The volume of the inseminate was about 0.05ml.
2.2.3. Recovery of Embryos
2.2.3.1. Recovery of Mouse Embryos
The basic method of removal of oviduct and uteri for collection of eggs and 
embryos was described by Hammond (1949). The mice were killed by cervical 
dislocation. The mouse was placed ventral side upper most on several layers of 
paper towel. The abdominal skin of the mouse was swabbed and cleaned with 
Whitten's medium. The skin of the abdomen was grasped by the finger nails of the 
thumb and forefinger of both hands and with a single twist and pulling motion the 
skin was broken and pulled apart. With a pair of sterile scissors the abdominal 
muscles were cut and the contents exposed. The intestines were pushed aside to 
reveal the reproductive tract and organs. If unfertilized eggs and fertilized eggs of 
less than 8 cells were required the oviducts were excised and placed in a drop of 
Hepes buffered Whitten's medium in a sterile culture dish. For embryos of 
developmental stages of 8-cell and above the uterus was removed. When 8-cell 
embryos were desired both the oviduct and uterus were removed. The individual 
uterine horns were removed separately by cutting below the utero-tubal junction
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and just above the cervical bifurcation and placed in a sterile culture dish 
containing Hepes buffered Whitten's medium (HWM). A 5ml disposable sterile 
plastic syringe filled with HWM and fitted with a 30g disposable sterile bent needle 
was used for flushing out the embryos from both the oviduct and/or uterus. With 
the aid of a stereo microscope the needle was introduced into the oviduct through 
the tubal ostium and the contents flushed. For recovery of embryos from the 
excised uterus the needle was introduced into one end of the horn (cervical end) 
and the horn flushed with HWM. Using a zoom stereo microscope the flushed 
embryos were recovered with an embryo handling pipette and pooled in small 
droplets of HWM under paraffin oil. Pooled embryos were examined. Embryos of 
poor or doubtful quality on visual assessment were discarded. Only normal 
embryos were retained and used for the experiments.
2.23.2. Recovery of Sheep Embryos
-s
The recovery of sheep morulae, early blastocysts and blastocyst/was performed at 
laparotomy on day 5 or 6 of pregnancy. General anaesthesia was induced in the 
ewe by intravenous injection of sodium thiopentone (Pentothal, Bomac 
Laboratories, N.S.W.) at a dose rate of 20mg/kg body weight and maintained by 
inhalation of 1 to 5% halothane (Fluothane, I.C.I. Australia, Melbourne, Victoria) 
in oxygen. The uterine horns were exteriorized following a midventral incision and 
the embryos were recovered by flushing each uterine horn. A Foley 10FG 2.7mm 
catheter (Norta, Malaysia) was inserted into a uterine horn immediately anterior to 
the bifurcation and the balloon inflated to occlude the lumen. A 4.5 inches tom cat 
catheter (Sherwood, USA) was inserted into the ovarian end of the oviduct and 
15ml of of medium was flushed through the horn and out the Foley catheter into a 
sterile glass bowl. This procedure was repeated for the other uterine horn.
With the aid of a stereo microscope the embryos were picked up and pooled in 
droplets of Hepes buffered synthetic oviductal fluid containing 20% sheep sera 
under paraffin. The pooled embryos were examined and abnormal embryos were 
discarded. Morphologically normal embryos were classified into the following 
developmental stages: early (uncompacted) morulae; late (compacted) morulae; 
early blastocyst (blastocoel discernible but smaller than half the size of the embryo; 
blastocyst (blastocoel about one half of the whole embryo or bigger without 
thinning of the zona) and late (expanded) blastocyst (thinning of the zona evident).
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2.2.4 Culture of Embryos
2.2.4.1. Culture of Mouse Embryos
The treated and untreated control embryos were placed in separate marked lOOul 
droplets of Whitten's medium in a tissue culture dish (150 x 15mm, Nunc, 
Denmark) overlaid with liquid paraffin oil (Product no.29436, BDH, England). The 
dish was then placed in an incubation chamber (Flow Laboratories, Scotland), 
sealed air-tight and gassed for 15 minutes with 5% C02 in air. The incubation 
chamber was placed in a water jacketed incubator at 37°C. Prior to use Whitten's 
medium was equilibrated overnight in 5% C02 in air.
Handling of embryos in preparation for culture was performed at 25°C (room 
temperature) utilising the microscope stage thermostat/circulator. The stage 
warmer/circulator was made by superimposing two clear glass sheets with perspex 
frames glued in between them such that a hollow space was created between the 
two glass sheets. The warmer had an inlet and an outlet to facilitate inflow and 
outflow of water. Water from a water bath maintained at the desired temperature 
was circulated through the warmer. In this manner the microscope stage can be 
maintained at a fixed temperature to allow work to be performed at the required 
temperature, (plate 8.1)
The embryos were cultured to the blastocyst stage and the number of embryos that 
survived the treatment and developed into blastocysts were recorded. Liquid 
paraffin oil was tested for embryotoxicity prior to use in the culture system.
2.2A.2. Culture of Sheep Embryos
The procedure employed for the culture of sheep embryos was similar to that 
described for mouse embryos. Treated embryos and untreated controls for all 
experiments were cultured in synthetic oviductal fluid medium supplemented with 
20% sheep sera in an atmosphere of 5%C02, 5%02, 90%N2 and incubated as 
described for mouse embryos.
2.2.5. Testing Solutions for Vitrification Properties
Solutions to be tested were loaded at room temperature into 0.25ml plastic 
insemination straws (I.M.V. L'aigle, France) by suction with a syringe. To test for
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vitrification on cooling the loaded straws were subjected to two procedures. In the 
first they were plunged directly into liquid nitrogen; in the second they were placed 
on a styrofoam boat (Takahashi and Kanagawa, 1990) floating on liquid nitrogen 
for two minutes after which they were plunged into liquid nitrogen. To test the 
ability of the solution to remain vitreous during warming , the vitrified straw was 
plunged into a water bath maintained at 25°C. During cooling vitrification was 
evidenced by the formation! of a transparent glass, crystallization (ice formation) 
resulted in a milky appearance. During warming solutions which did not devitrify 
were transformed from the solid clear state to the liquid state without evidence of a 
milky appearance. Devitrification (ice formation) conferred a milky appearance 
during thawing.
2.2.6. Vitrification of Embryos
2.2.6.1. Vitrification of Mouse Embryos
Embryos were exposed to the vitrification solution for one to three minutes. One­
cell to 8-cell embryos and blastocysts were exposed for one minute, early 
blastocysts for two minutes and compacted morulae for two to three minutes . 
Within this time period the embryos were loaded into a 0.25ml plastic insemination 
straw (I.M.V.,L'Aigle, France) filled with vitrification solution with a finely drawn 
glass capillary pipette; the straw were heat sealed at both ends, and plunged 
directly into liquid nitrogen. Thevitrifiedstraws containing the embryos were stored 
in liquid nitrogen until use.
The embryos were warmed by directly immersing the vitrified straws into a water 
bath maintained at 25°C where they were held for 6 to 10 seconds to allow 
complete warming to 25°C. The contents of the straw were emptied into 1.0ml of 
1.0M sucrose and stirred gently to facilitate mixing of the two solutions. The 
embryos were quickly visualized under microscope, picked up with a capillary 
pipette and transferred to a lOOul drop of 1.0M sucrose kept under paraffin at 
25°C. The cryoprotectants were diluted in 1.0M sucrose for 10 minutes and finally 
in Hepes buffered medium for 5 minutes prior to use in various experiments.
2.2.6.2. Vitrification of Sheep Embryos
In some experiments sheep embryos were vitrified identical to that described for 
mouse embryos. In other experiments the embryos were exposed to other dilutions
40
of the vitrification solution for five minutes at 25°C, then exposed to the undiluted 
vitrification solution, loaded into insemination straws (0.25ml) and plunged 
directly into liquid nitrogen at one and a half minutes after exposure. All 
subsequent procedures, including thawing and dilution were identical to that 
described for mouse embryos in section 2.2.6.1.
2.2.7. Assessment of Embryos
The viability of treated embryos was established by their capacity to develop to 
blastocysts in in vitro culture or to develop to normal fetuses after transfer to 
recipients. The number of cells in culture-derived blastocysts was ascertained by 
counting the nuclei after fluorescent staining.
2.2.7.7. Fluorescent Staining of Embryonic Nuclei
The method of Purse 11, Wall, Rexroad, Hammer and Brinster (1985) was used for 
fluorescent staining of the nuclei. A stock solution of Hoechst 33342 (HO) was 
prepared by dissolving 1 mg HO/ml water. HO stock was stored in the dark at 
room temperature. HO working solution was prepared fresh on the day of use by 
combining 0.75ml of 2.3% sodium citrate dihydrate (NaCit), 0.25ml ethanol, and 
lOul HO stock. Trypan blue (TB) solution for use as a counterstain was prepared 
by dissolving TB (0.01%) in 2.3% NaCit.
A stereo microscope was used throughout the procedure. Ten to 20ul of TB was 
placed on a siliconised glass slide. The embryo was transferred to the drop of TB 
with a minimal volume of medium and incubated for 30 to 60 seconds at room 
temperature. Excess TB was removed with a pipette with an internal diameter 
smaller than the embryo. Ten to 20ul of HO was immediately dropped on the 
embryo and incubated for 3 to 5 minutes at 37°C. Excess HO was removed with 
same pipette. Sixteen ul of permount was quickly placed over the embryo and a 
cover-slip installed over it. Embryos were examined using a Zeiss Axiophot 
Research Microscope reflected-light fluorescence illuminating system with plan- 
neofluar objectives and the filter set 487901 (UV-H365 excitation; excitation was 
with the combined 351 and 364 nm lines). The fluorescing nuclei could be 
observed and counted immediately after staining or at any other time provided the 
slides were stored in dark.
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2.2.7.2. Embryo Transfer in Mice.
The mice used as embryo recipients were 6 to 9 weeks old C57BL/6J mice. Prior to 
embryo transfer the recipients were acclimatised to the light/dark period of the 
mouse room for 3 weeks. Before use as embryo recipients pseudopregnancy was 
induced in females by mating oestrus mice with vasectomised sterile males. 
Oestrus was induced by the Whitten effect as described in section 2.2.2.1.
The recipients at time of embryo transfer were one day earlier in pseudopregnancy 
as compared to the age of embryos to be transferred. The surrogates were starved 
for 12 hours prior to embryo transfer but water was provided ad libitum to facilitate 
smooth induction of anaesthesia and rapid post-operative recovery. The mice were 
anaesthetised by the inhalation anaesthetic, methoxyflourane (Penthrane, Abbott 
Laboratories, USA) by placing them in a small glass dessicator (1 litre capacity) 
containing a ball of cotton wool soaked with 1.5ml of methoxyfluorane. The mice 
usually lost consciousness within 2 to 4 minutes.
Each anaesthetised mouse was removed from the dessicator, its fur wiped dry of 
perspiration to prevent hypothermia and the lumbar region was cleaned with 
Whitten's medium and then thoroughly dried with sterile cotton wool. Alcohol was 
not used for asepsis or cleaning as it would increase the risk of hypothermia. A 
transverse incision was made across the dorsal mid-line. On retraction of the 
margins of the incision the left ovary could be visualised through the semi­
transparent abdominal wall, which was incised at the point where it overlay the 
ovary. The ovarian fat pad was grasped with a pair of forceps and pulled through 
the incision carrying with it the ovary, the oviduct, and the upper part of the left 
uterine horn. The uterine horn was then punctured near the utero-tubal junction 
with a sterile 25 gauge hypodermic needle. The embryos were picked up in a 
minute volume of medium with a drawn out capillary pipette, not wider than the 25 
gauge needle, and introduced into the uterus with the tip pointing away from the 
oviduct. The medium and the embryos were expelled into the uterus. The left ovary 
and uterine horn were then gently pushed back into the abdominal cavity (McLaren 
and Michie, 1956). The margins of the incision were then retracted to the right and 
the procedure repeated for the right horn. The skin incision was closed with cotton 
sutures. The incisions on the abdominal wall were left unsutured. On day-18 of 
pregnancy the number of viable foetuses formed was determined by dissecting the 
mouse or alternatively the surrogate mother was allowed to proceed to term.
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2.2.7.3. Embryo Transfer in Sheep
The oestrus cycles of recipient ewes were controlled by the insertion of 
intravaginal sponges for 12 days and administration of 400 i.u. PMSG at the time 
of sponge withdrawal. Onset of oestrus occurred 36 to 48 hours after sponge 
withdrawal and the timing of treatment was such that the recipients were five to six 
days post-oestrus at the time of embryo transfer.
After sedation with Rompun (0.2ml per 45kg i.m.; Bayer Australia Ltd, Botany, 
NSW) the recipient ewe was placed in a laparotomy cradle and laparoscopy was 
conducted as described in section 2.2.2.3. The ovaries were inspected to ensure that 
ovulation had occurred. Then the smaller cannula was withdrawn and a 1 cm 
incision was made at this site. Mayo-Blake forceps were introduced and a uterine 
horn was grasped near the tubal end. The horn was exteriorized and a puncture was 
made with a blunt probe, and embryos (2 per ewe) were introduced in a small 
amount of medium through a tom-cat catheter affixed to a 1 ml syringe. The 
uterine horn was allowed to fall back into the abdominal cavity and a suture was 
placed in the abdominal incision.
Pregnancy was determined by real time ultrasonography at 30 to 37 days after the 
transfer of embryos. The pregnancies were confirmed by surgery on day-50 of 
pregnancy or the ewe allowed to proceed to term.
2.2.8. Preparation and Sterilization of Instruments
2.2.8.1. Preparation and Sterilization of Glassware
All glassware was soaked in hot tissue culture grade detergent (7x, Flow 
Laboratories, Scotland), scrubbed thoroughly with a brush and rinsed in several 
exchanges of distilled water until all trace of detergent were removed. The 
glassware was then rinsed with two exchanges of purified water (Milli Q or 
Nanopure) wrapped in clean aluminium foil, dried in an oven and finally heat 
sterilized at 170°C for 2 hours.
Capillary tubes and pipettes were boiled in detergent (7x) for 1 hour, then boiled in 
5 changes (1 hour each) of single distilled water. This was followed by boiling in 
two changes (1 hour each) of purified (Milli Q or Nanopure) water. The excess
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water was decanted, the container wrapped in aluminium foil, dried and finally heat 
sterilized for 2 hours at 170°C.
Capillary tubes were siliconized whenever necessary after washing as described 
above. After siliconizing the tubes were dried in an oven. When dry, the tubes were 
soaked in purified water for 15 minutes, rinsed, heat dried and finally heat 
sterilised.
2.2.8.2. Pipettes and Microinstruments for Handling Embryos
Pipettes and microinstruments for handling and holding embryos were crafted from 
glass capillary tubing (Fisher, USA) of 1.5mm outer diameter and about 1.2mm 
inner diameter. The tubing was drawn after heating in the flame of a microbumer 
and broken neatly at the internal diameter of 170wm for handling mouse embryos 
and 240wm for handling sheep embryos. These pipettes were placed in a large petri 
dish and heat sterilized. For use, embryo handling pipettes were connected via an 
adaptor and silicone rubber tubing to a mouth piece.
Pipettes for holding embryos were drawn to approximately 60wm inside diameter 
for mouse embryos and 80«m for sheep embryos and then lightly fired. Smaller 
pipettes of approximately 80«m outside diameter were made for use in positioning 
embryos for measurement of volume.
2.2.8.3. Sterilization of Surgical Instruments
Surgical instruments for mouse dissection were scrubbed with detergent (7x), 
washed thoroughly with tap water, then rinsed twice in distilled water and finally 
sterilized by boiling in distilled water in a stainless steel sterilizer for 15 minutes. 
Instruments for sheep surgery were prepared by standard procedures by operation 
theatre personnel.
2.2.9. Histology of Mouse Uterus and Ovary
Paraffin sections of mouse uterus and ovary were fixed in 10% neutral buffered 
formalin. The fixed tissues were automatically processed with a Miles V.I.P. Tissue 
Processor (Miles Laboratories, Elkhart, Indiana, USA) and embedded in paramat 
(Gurr BDH Chemicals, England). Sections 4«m thick were taken from embedded 
tissue with a Reichert 2050 microtome (Cambridge Instruments Gmbh, West
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Germany) and mounted and stained with a solution of Gill's No.3 haematoxylin for 
three minutes, treated with Scott's tap water substitute, then stained with 1.0% 
eosin Y for one to two minutes. The sections were dehydrated by passing rapidly 
through ascending alcohols (90, 95 and 100%), cleared in two changes of xylene, 3 
minutes each. While the slides were wet Histoclad (Clay Adams, USA) was placed 
over the sections which were then covered with glass cover-slips.
2.2.70. Statistical Analysis
Quantative data were subjected to analysis of variance and means were compared 
by orthoginal comparisons or by least significant difference (LSD). Where 
appropriate, quantal data were subjected to angular transformation prior to analysis 
of variance. Data on embryo survival after cryopreservation were compared by Chi 
square.
All statistical analyses were carried out on a personal computer using the program, 
Statistix Version 3.5 (Analytical Software, St.Paul, Minnesota).
45
CHAPTER 3: FACTORS AFFECTING THE GENERATION OF MOUSE 
EMBRYOS AND THEIR DEVELOPMENT IN VITRO
3.1. Summary
The experiments described in this chapter were designed to compare a number of 
culture systems and alternate procedures for generation of mouse embryos. The 
findings show that 1-cell embryos of certain strains of mice develop best in 
media containing glucose in an atmosphere of high oxygen tension (5%C02 in 
air). Glutamine appears to be beneficial to embryos in culture and its addition to 
Whitten's medium enhanced the development of blastocysts in this medium.
One-cell F | [(C57BL/6J) x S.O.] embryos were successfully cultured in Hepes 
buffered CZB medium containing glucose in an atmosphere of air without carbon 
dioxide gas mixtures. The proportion of blastocysts that formed in this medium was 
statistically similar to those that developed in CZB medium cultured in an 
atmosphere of 5%CC>2 in air. The modified Hepes buffered CZB medium required 
lOmM sodium bicarbonate for improved embryo development. This requirement is 
probably related to its role as a regulator of intracellular pH (pH j).
The in vivo development of [(C57BL/6J) x S.O.] embryos was significantly 
faster than that of Swiss outbred embryos. Other observations included the 
exploitation of pheromones to increase the yield of eggs and embryos in mice. 
Combined superovulation and pheromone regime resulted in significantly higher 
mating rates as compared to those that were superovulated without pheromone 
augmentation. This technique could be further improved to result in up to 100% 
copulation rate if the female mice were selected during the metoestrous II and 
dioestrous phases of the oestrous cycle at the time of PMSG and pheromonal 
treatments. The asynchrony of superovulation can be overcome by pheromone 
augmentation.
It was observed that aging C57BL/6J female mice suffered from severe cystic 
endometriotic hyperplasia. The cysts varied from small to very large irregular 
proliferations often associated with ovarian atrophy. It is of interest to note that 
aging females with severe cystic endometriosis were able to support pregnancy. 
The pregnancy rate was however significantly lower in aging mice as compared to 
young controls.
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3.2. Introduction
The main thrust of the experimental work described in this thesis was to examine 
systematically factors affecting preservation of embryos by vitrification. A large 
component of the conduct of major experiments was the production of embryos and 
the assessment of their post-thaw viability. Thus there was the opportunity to 
compare methods of mouse embryo production and in vitro culture systems for 
mouse embryos. This chapter (Chapter 3) describes the salient findings in these 
investigations.
3.2.1. Preimplantation Development
Preimplantation embryos require large amounts of energy for cell division and 
growth. The significant cellular events of preimplantation development include 
cleavage, activation of the embryonic genome, aggregation and compaction of 
blastomeres, differentiation of trophoblast and inner cell mass, formation and 
expansion of the blastocoel cavity, and hatching from the zona pellucida. A number 
of intrinsic and extrinsic factors control and ensure that these events proceed 
uninterrupted. The extrinsic factors known to affect this process in vitro include 
pH, inorganic ions, gas composition, amino acids, growth factors, vitamins, and 
macromolecules (Rieger, 1992).
Excellent reviews on the history of embryo culture (Biggers, 1987) and metabolism 
of embryos are available (Biggers, Baltz, and Lechene, 1991; Kaye, 1986; Leese, 
1991; Rieger, 1992). Whitten (1957a), then working at the Australian National 
University, was the first to culture 2-cell mouse embryos to the blastocyst stage in a 
simple chemically defined medium. The culture of 1-cell embryos however met 
with only limited success with the exception of embryos of certain inbred and F j 
strains (Whitten and Biggers, 1968; Kaufman and Sachs, 1976; Goddard and Pratt, 
1983). One-cell mouse embryos exhibit a 2-cell block to development in vitro, that 
is, the 1-cell embryo undergoes a single cleavage in vitro and is then arrested at the 
2-cell stage. Recently Chatot, Lewis, Torres, Ziomek and Bavister (1989, 1990) 
were able to overcome 2-cell block in blocking strains by replacing glucose with L- 
glutamine in the medium during the 1- to 8-cell stage. Glutamine is a well known 
alternate energy source in embryos. Glutamine through transamination is converted 
to glutamate and thence enters the Krebs cycle via 2-oxoglutarate or enters the 
glycolytic pathway via fructose-6-phosphate (Rieger, 1992). Glucose was 
introduced into the medium on day three of culture.
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The developmental arrest coincides with other cellular and metabolic transitions 
such as a transition from extended to shorter cell cycles (Smith and Johnson, 1986; 
Crosby, Gandolfi and Moor, 1988), activation of transcription by the embryonic 
genome (Bolton, Oades and Johnson, 1984; Sakkas, Batt and Cameron, 1989; 
Braude, Bolton and Moore, 1988) and the selective inactivation of much of the 
maternal mRNA (Bolton et al. 1984; Paynton, Rompel, Bachvarova, 1988).
The 2-cell block in mouse embryos (Whittingham, 1974; Goddard and Pratt, 1983) 
was shown to be a maternally regulated phenomenon (Goddard and Pratt, 1983) 
due to the lack of a cytoplasmic component in embryos of blocking strains 
(Muggleton-Harris, Whittingham and Wilson, 1982; Pratt and Muggleton-Harris, 
1988). Developmental arrest at a specific stage of development is well documented 
in embryos of other mammalian species such as 2-cell hamster embryos (Carney 
and Bavister, 1987; Bavister, 1988), 8- to 16-cell sheep and goat embryos (Sakkas 
et al., 1989), 4- to 8-cell cow embryos (Camous, Heyman, Meziou and Menezo, 
1984), 4-cell pig embryos (Davis, 1985) and 4- to 8-cell human embryos (Braude et 
al., 1988).
In recent years there has been considerable interest and research effort on the effect 
of reactive oxygen species on embryos and their involvement in developmental 
blocks in vitro (Nasr-Esfahani, Aitken and Johnson, 1990, 1991). Legge and 
Sellens (1991) have shown that reduced glutathione overcomes 2-cell block in a 
blocking strain of mice but superoxide dismutase (SOD), catalase and histidine did 
not produce a similar effect. On the contrary, Noda, Matsumoto, Umaoka, et al. 
(1991) and Umaoka, Noda, Narimoto and Mori (1992) showed that SOD is capable 
of overcoming 2-cell block in another blocking strain of mice. Microinjected 
catalase inhibited endogenous hydrogen peroxide production in 2-cell mouse 
embryos (Nasr-Esfahani et al., 1990). These studies suggest the mechanism of 
blocking may differ between strains; perhaps different cytoplasmic components are 
implicated. It is also obvious that oxygen and its reactive species are responsible, at 
least partly, for the retardation of development in embryos.
Heterozygous populations such as an Fj between inbred strains may be more 
resistant to large changes in the environment than homologous populations. 
Examples of this phenomenon have been given by Dobzhansky and Levene (1955) 
and Parsons (1959) in the Drosophila fly. Carson (1962) reported that high relative 
fitness in Drosophila melanogaster is directly correlated to heterozygosity and that
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heterosis contributes directly to fitness. Heterosis or hybrid vigour is well 
documented in animal husbandry. It is likely that embryos of F j hybrids and inbred 
parental strains of mice may respond differently in the laboratory. F j hybrid mice 
are considered more robust and vigorous than inbred strains (Green, 1981). The 
obvious difference between F ^  and inbred strains of mice raises the question of the 
validity of using the more robust F j embryos in experiments involving treatments 
which are considered traumatic such as freeze-thawing. Very little is known of 
differences in the developmental potential of F j and inbred strains in vitro and in 
vivo and the differences in the ability of embryos of Fj and inbred mice to 
withstand traumatic environmental conditions.
The aims of Experiments 3.1 to 3.4 were (i) to observe the preimplantation 
development of one-celled mouse embryos in culture media under various culture 
conditions, (ii) to determine factors under which mouse embryos can be cultured in 
a chemically defined medium in an atmosphere of air without the usual carbon 
dioxide gas mixture and (iii) to observe differences between F ^  and Swiss outbred 
embryos with regard to in vivo preimplantation development.
3.2.2. Effect of Pheromones and Superovulation on the Copulation Rate in the 
Mouse
The oestrous cycle in the laboratory mouse is influenced by caging conditions. 
Grouped female (C57BL/6J) mice develop spontaneous pseudopregnancies (Van 
der Lee and Boot, 1955) or remain in dioestrus (WEHIAV) for extended periods of 
time (Whitten, 1959). When grouped females are exposed to a male, the majority 
are stimulated and their oestrous cycles are synchronised with a peak occurring on 
the third night. The mechanism for these effects on the oestrous cycle is presumed 
to be through the olfactory pathways (Van der Lee and Boot, 1956; Whitten, 
1956,1957b; Whitten and Champlin, 1978).
The pheromone (or olfactory stimulant) responsible for the induction of oestrus 
(the Whitten effect) appears to be under gonadal control since castrated males are 
ineffective (Bruce, 1965). Male urine alone is capable of eliciting oestrus in 
grouped female mice (Marsden and Bronson, 1964; Bronson and Whitten, 1968). 
The male preputial fluid was suggested to be an attractant to the female mice 
(Bronson, 1966; Bronson and Caroom, 1971) but it was shown to be only partly 
responsible for the acceleration or synchronization of oestrus. Recently some 
workers at the Dalhousie University, Canada, were cited to have observed the
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turning on of a (c-fos) gene of the accessory olfactory bulb of female mice after 
exposure to the presence of a male (Whitten, 1992, personal communication).
Gates (1971) described how to obtain the maximum yield of eggs from some 
strains of mice (Mus musculus) by the administration of gonadotrophins, PMSG 
and hCG. For various reasons, some projects require naturally ovulated eggs, and 
some workers prefer to use embryos of natural cycles because they exhibit fewer 
chromosomal errors (Takagi and Sasaki, 1976). The Whitten effect can be 
employed to increase the yield during a natural cycle. Zarrow, Estes, Denenberg 
and Clark (1970) observed that the response to PMSG and hCG may be augmented 
by the pheromone produced by the male. Thus, the response was greater in terms of 
ovulations and number of eggs recovered if the females were housed near an adult 
male during gonadotrophin treatment prior to mating.
The aim of Experiment 3.5 was to examine the effect of pheromones and 
gonadotrophins on the copulation rate of S.O. mice when administered singly or in 
combination at random or during the metoestrous II or dioestrous phases of the 
oestrous cycle.
3.2.3. Effect of Aging on Ovarian and Uterine Histology in the mouse
The decay in reproductive function which occurs as the female gets older is 
expressed in a variety of ways. As the regularity and frequency of the oestrous 
cycle alter, the chances of becoming pregnant or having normal offspring decline. 
Female (CBA/H-T6) mice of more than 8 months old were regarded as an old 
group because the mean litter size declined steadily after this age (Gosden, 1973). 
Similar observations were made by a number of other workers (Finn, 1962, 1963; 
Jones and Krohn, 1961). The average litter size of female mice declines with 
increasing age and breeding ceases well before the life-span (Talbert, 1968). The 
reduced fertility cannot be attributed to a decline in ovulation rate alone since the 
number of corpora lutea (CL) of pregnancy remains high (Biggers, Finn and 
McLaren, 1962; Harman and Talbert, 1970).
Numerous reasons have been suggested for reduced fertility in old mice. These 
include morphologically abnormal ova (Talbert and Krohn, 1966), chromosomal 
abnormalities (Henderson and Edwards, 1968), failure of implantation (Finn, 1963; 
Gosden, 1973; Talbert, 1971), embryonic death (Finn, 1962; Talbert, 1971), failure 
of luteal support (Finn and Martin, 1969; Gosden, 1975; Jones and Krohn, 1961;
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Talbert and Krohn, 1966) and unresponsiveness of the uterus to progesterone and 
decidual stimuli (Finn, 1966; Finn and Martin, 1969; Talbert and Krohn, 1966).
Uterine atrophy is infrequent in old mice (Burek, Molello and Warner, 1982). On 
the other hand cystic hyperplasia is common in females of any strain of mice older 
than 18 months. Dickie and Atkinson (1957) showed that uterine hyperplasia which 
develops spontaneously in aging hybrid (DBA x CE) mice was due in part to 
increased hypersensitivity to oestrogen as well as to hyperoestrinism. 
Microscopically the glands are dilated and show an irregular cystic proliferation 
which is often associated with ovarian atrophy. Increased mucus and some 
inflammation may be present in some mice with this endometrial lesion.
Very little is documented of the effect of aging on the ovarian and uterine histology 
in the mouse. The present report (Experiment 3.6) aims to describe the ovarian and 
uterine histological differences between young and aging female mice.
3.3. Experimental Design
3.3.1. Preimplantation Development
3.3.1.1. Experiment 3.1: In Vitro Development of S.O. Mouse Embryos under 
Different Gas Atmospheres in Whitten's Medium Prepared by Different Filtration 
Techniques
Whitten's medium was prepared daily and divided into four equal portions (A to 
D). Each portion was then treated separately as follows: the medium was 
equilibrated with 5% CO2 , 5% O2  and 90% N2  by bubbling the gas through the 
medium for 15 minutes and after the addition of bovine serum albumin was filtered 
by positive pressure with the same gas mixture. The medium was stored in tissue 
culture flasks layered with the same gas (group A); the medium was treated 
identically in all respects as in group A but was filtered by suction (group B); the 
medium was treated identically to group A but the gas mixture used was 5% CO2  
in air (group C); the medium was not equilibrated with gas and was filtered by 
suction (group D). One-celled S.O. embryos were obtained without superovulation 
as described in section 2.2.3.1. of Chapter 2. Morphologically abnormal embryos 
were discarded. The recovered embryos were apportioned equally into four groups 
and cultured in Whitten's medium prepared as described above. Groups A and B 
were cultured in an atmosphere of 5% CO2 , 5% O2  and 90% N2  and groups C and
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D were cultured under 5% CO2  in air as described in section 2.2.4.1. In vitro 
development was recorded on a daily basis.
3.3.1.2. Experiment 3.2a: Culture of 1-Cell Fj Mouse Embryos in Whitten's 
Medium, and Chatot, Ziomek and Bavister (CZB) Medium with and without 
Glucose under Different Carbon Dioxide Gas Mixtures
One-celled Fj embryos [(C57BL/6J x SJL/J) x S.O.] were recovered as described 
above and apportioned into six groups. The media used were CZB with and without 
glucose (Chatot, Ziomek and Bavister, 1990) and Whitten's medium. Whitten's 
medium was equilibrated with 5%C(>2, 5% O2  and 90% N2  (group Al) or with 5% 
CO2  in air (group Bl). CZB medium with and without glucose was equilibrated 
with 5% CO2 , 5%02 and 90% N2  (Groups A2 and A3 respectively) or with 5% 
CO2  in air (groups B2 and B3 respectively). Equilibration was performed as 
described in the preceding experiment without positive pressure filtration. The 
apportioned embryos were cultured in all six media under their respective gas 
mixtures as described in section 2.2.4.1.. The number of embryos developing to the 
blastocyst stage was recorded.
3.3.1.3. Experiment 3.2b: In Vitro Development o f S.O. 1-cell Embryos in Whitten's 
Medium with and without Glutamine, and in CZB Medium Cultured in an 
Atmosphere of 5% Carbon Dioxide in Air
One-cell S.O. mouse embryos were recovered as described in section 3.3.1.1.. 
Whitten's medium was prepared with and without L-glutamine (ImM). CZB 
medium was made up with glucose. All media were equilibrated for 15 minutes 
with 5% CO2  in air and filtered with positive pressure as described in section 
3.3.1.1.. The 1-cell S.O. embryos were apportioned equally and cultured in the 3 
media up to the blastocyst stage.
3.3.1.4. Experiment 3.3: Culture of 1-Cell Fj Mouse Embryos in an Atmosphere of 
Air without Carbon Dioxide Gas Mixture
Culture of 1-cell [(C57BL/6J x SJL/J) x S.O.] mouse embryos in medium in air 
without the usual CO2  mixture was attempted by incorporating 25mM sodium 
Hepes in CZB medium with glucose and variable concentrations of sodium 
bicarbonate. The survival and development of 1-cell embryos to the blastocyst 
stage in culture were investigated. The culture dish containing the embryos in
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droplets of medium was incubated in a humidified chamber. Control embryos were 
cultured in CZB with glucose in an atmosphere of 5% CO2 in air. Daily 
observations of in vitro development were recorded.
3.3.1.5. Experiment 3.4: Differences in Preimplantation Development Between S.O. 
and Fj Mouse Embryos
The differences in the in vivo development between S.O. and Fj [(C57BL/6J x 
SJL/J) x S.O.] were examined in the following manner. The mice of both strains 
were subjected to identical conditions of caging, light-dark periods, Whitten effect 
and mating. Both types of mice were killed at the same time and their embryos 
recovered as described in section 2.2.3.1.. The in vivo developmental stages of the 
embryos were recorded and compared between strains.
3.3.2. Experiment 3.5: Effect of Pheromones and Superovulation on the Copulation 
Rate in S.O. Mice
Virgin S.O. female mice aged between 6 and 8 weeks were divided into six groups 
and subjected to one of the six treatments described below:
Group A: The mice were placed with males at random in the ratio of 1 female to 1 
male. The following morning they were checked for the presence of copulatory 
plugs (Random natural mating).
Group B: The mice were treated as described in section 2.2.2.1. of Chapter 2 
(Natural mating with Whitten effect).
Group C: The mice were treated as described in section 2.2.2.2. but without placing 
a "teaser" male in close proximity to the females during treatment. (Conventional 
superovulation).
Group D: The mice were treated as described in section 2.2.2.2. (Superovulation 
with Whitten effect).
Group E: The mice were treated as described for group D above but hCG was not 
administered. (PMSG with Whitten effect without hCG administration).
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Group F: The mice were treated as described for group D above but prior to 
superovulation the females were examined carefully and only those in metoestrus II 
or dioestrus were selected tor treatment. (Selective superovulation with Whitten 
effect).
3.3.3. Experiment 3.6:Effect of Aging on Ovarian and Uterine Histology in the 
Mouse
Uterine horns and ovaries of autopsied aging ( 15 to 16 months) and young (6 to 9 
weeks) C57BL/6J female mice were sectioned and stained as described in section 
2.2.9. The sections were examined under the microscope and the salients features 
noted. The ability of aging mice to support pregnancy was determined by transfer 
of untreated S.O. day-4 embryos as described in section 2.2.1.2.
3.4 Results
3.4.1. Preimplantation Development
3.4.1.1. Experiment 3.1: In Vitro Development of One-Cell S.O. Mouse Embryos 
under Different Gas Atmospheres in Whitten's Medium Prepared by Different 
Filtration Techniques
The results of experiment 3.1 are given table 3.1. On day-2 of culture the formation 
of 2-cell embryos was statistically similar in all groups with the exception of Group 
C which exhibited the highest percentage of cleavage (98.2%) from 1-cell to 2-cell 
embryos. This trend continued on the third day of culture with the same group 
exhibiting the highest percentage reaching the 4- and 8-cell stages. On day-4 of 
culture, however, all groups were statistically similar. This is also true for the 
proportion of embryos reaching the blastocyst stage on day-5 of culture. If atypical 
blastocysts were excluded, Group D exhibited a statistically lower proportion of 
normal blastocysts than other groups. At day-4 of culture the number of embryos 
developing to the compacted morulae stage was high, 82 to 88% in all groups, but a 
lower number proceeded to the blastocyst stage (40 to 49%) in all groups at day-5.
(Atypical blastocysts: wrinkled trophoblast, partially collapsed in appearance, 
irregular blastocoel, with dead cells in both trophoblast and inner cell mass)
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Table 3.1: In v itro  deve lopm en t of 1 -c e l l  Swiss o u tb re d  em bryos a f te r  
e q u ilib ra tio n  an d  c u l tu re  in  W hitten’s m ed ium  u n d e r  two d iffe ren t 
c a rb o n  dioxide gas m ix tu re s  an d  f il tra tio n  techn iques*
D escrip tion Group A Group B Group C Group D
D ay-1
1 -c e ll
n=221 n= 218 n=220 n= 215
D ay -2
2 - c e l l
p * *
93.70%
(2 07 /221 )
95.40%
(208 /218 )
NS
98.20%
(216 /220)
<0.05
93%
(200 /215)
NS
D ay -3  
4 -  & 8 -c e l l  
P
88.70%
(1 96 /221 )
88.10%
(192 /218 )
NS
94.60%
(208 /220 )
<0.05
88.80%
(191 /215 )
NS
D ay -4
M orulae
P
87.80%
(1 94 /221 )
87.60%
(191 /218 )
NS
85.50%
(188 /220 )
NS
82.30%
(177 /215 )
NS
D ay-5
B lasto cy sts
P
49.30%
(1 0 9 /2 2 1 )
42.70%
(86 /218 )
NS
46.80%
(88 /220 )
NS
40.00%
(8 6 /215 )
NS
D ay -5  w ith o u t
atypical Blastocysts
P
46.60%
(103 /2 2 1 )
39.50%
(8 6 /218 )
NS
40.00%
(88 /220 )
NS
34.00%
(73 /215 )
<0.01
Number of replicates = 7 * See 3.3.1.1. for the treatm ents to Groups A to D
**Compared to Group A
T ab le  3 .2a : In  v i t ro  d e v e lo p m e n t of 1 -ce ll F I m o u s e  e m b ry o s  to
b la s to c y s ts  in  W h itten ’s m e d iu m  a n d  CZB m e d iu m  w ith  a n d  
w ith o u t g lu c o se  u n d e r  d i f f e r e n t  c a rb o n  d io x id e  g a s  m ix tu re s
5%C02, 5%02 a n d  90%N2 5%C02 in  a ir
W h itten 's  CZB w ith  CZB w ith o u t
m e d iu m  g lu c o se  g lu c o se
G roup  A1 G ro u p  A2 G roup  A3
W h itten ’s CZB w ith  CZB w ith o u t 
m e d iu m  g lu c o se  g lu c o se
G roup  B1 G roup  B2 G roup  B3
68.30% 92.70% 63.20%
(4 1 /6 0 )  (6 3 /6 8 )  (4 3 /6 8 )
63.20%  98.50% 50.00%
(4 3 /6 8 )  (6 6 /6 7 )  (3 4 /6 8 )
N um ber of re p lica te s  = 10 F l = [(C57BL/6J x SJL/J) x S.O.] 
Sum m ary of s ta t is t ic a l an a lysis
A1 vs B l=  NS 
A1 vs A2= p<0.01  
A1 vs A3 = NS 
A2 vs B2 = NS 
A3 vs B3 = NS
A2 vs A3 = p<0.001  
B2 vs B3 = p<0.001  
B1 vs B2 = pCO.OOl 
B1 vs B3 = NS
NS = s ta tis t ic a lly  n o t d ifferen t
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T able 3.3a: In v itro  d ev e lo p m en t of 1 - c e l l  F I e m b ry o s  
a n  a tm o s p h e re  of a ir
in  CZB m ed iu m  in
Control Hepes buffered CZB medium containing:
Description 5%C02 in 
Air OmM NaHC03 ImM NaHC03 2mM NaHC03 5mM NaHC03
Day-1
1-cell
n = 27 n = 40 n = 42 n = 40 n = 40
Day-2
2-cell
P*
100.00%
(27/27)
100.00%
(40/40)
NS
95.20%
(40/42)
NS
97.50%
(39/40)
NS
95.00%
(38/40)
NS
Day-3 
4 -  & 8-cell 
P
100.00%
(27/27)
35.00%
(14/40)
<0.001
83.30%
(35/42)
NS
85.00%
(34/40)
NS
87.50%
(35/40)
NS
Day-4
morulae
P
100.00%
(27/27)
52.80%
(21/40)
<0.001
88.10%
(37/42)
NS
92.50%
(37/40)
NS
97.50%
(39/40)
NS
Day-5
blastocysts
P
100.00%
(27/27)
7.50%
(3/40)
<0.001
c
9.50%
(4/42)
<0.001
c
17.50%
(7/40)
<0.001
b
40.00%
(18/40)
<0.001
a
Number of replicates = 3 * Compared to controls
Fl = [(C57BL/6J x SJL/J) x S.O.] a vs b = p<0.02 
a vs c = p<0.001
T able 3.3b: In  v itro  d e v e lo p m en t of 1 - c e l l  F I em b ry o s  
a n  a tm o s p h e re  of a ir
in  CZB in  an
Control Hepes buffered CZB medium containing :
Description 5% C02 in 
air 6mM NaHC03 8mM NaHC03 lOmM NaHC03 12mM NaHC03
Day-1
1-cell
n = 40 n = 43 n = 38 n = 39 n = 36
Day-2
2-cell
P*
90.00%
(36/40)
95.30%
(41/43)
NS
84.20%
(32/38)
NS
100.00%
(39/39)
NS
91.70%
(33/36)
NS
Day-3 
4 -  & 8-cell 
P
70.00%
(28/40)
79.10%
(34/43)
NS
76.30%
(29/38)
NS
97.40%
(38/39)
<0.001
91.70%
(33/36)
<0.05
Day-4 
morulae 
P
82.50%
(33/40)
86.10%
(37/43)
NS
81.60%
(31/38)
NS
97.40%
(38/39)
NS
97.20%
(35/36)
NS
Day-5
blastocysts
P
80.00%
(32/40)
55.80%
(24/43)
<0.05
52.60%
(20/38)
<0.05
66.70%
(26/39)
NS
52.80%
(19/36)
<0.05
Number of replicates = 4 * Compared to controls
Fl = [(C57BL/6J x SJL/J) x S.O.J
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3.4.1.2. Experiment 3.2a: Culture of 1-Cell Fj Mouse Embryos in Whitten's 
Medium, and CZB Medium with and without Glucose under Different Gas Mixtures
Results of experiment 3.2a are given in Table 3.2a. The type of gas mixture made 
no difference to development of embryos cultured in any of the three media. Under 
both gas mixtures development in CZB with glucose was superior to development 
in CZB without glucose (p<0.001) and to development in Whitten's medium 
(p<0.01 and p<0.001)
3.4.1.3. Experiment 3.2b: In Vitro Development of S.O. 1-cell Embryos in Whitten's 
Medium with and without Glutamine, and in CZB Medium Cultured in an 
Atmosphere of 5% Carbon Dioxide in Air
Results of Experiment 3.2b are given in Table 3.2b. Up till day-3 of culture there 
were no significant differences between the three media tested. On day-4 and day-5 
of culture the embryo development in WM was significantly lower than in WM 
with glutamine and CZB medium. There was however no difference between WM 
with glutamine and CZB medium on day-4 and day-5 of culture.
3.4.1.4. Experiment 3.3: Culture of 1-Cell Fj Mouse Embryos in an Atmosphere of 
Air without Carbon Dioxide Gas Mixture
The results of experiment 3.3 are given table 3.3a and 3.3b. Atypical blastocysts 
were excluded from statistical analysis. Table 3.3a shows the survival and 
development of 1-cell Fj embryos to the blastocyst stage in Hepes buffered CZB 
medium (with glucose) containing OmM, ImM, 2mM, or 5mM sodium bicarbonate 
(NaHC03 ) and cultured under an atmosphere of air. The control group was 
cultured in unmodified CZB medium containing glucose and incubated in 5%CC>2 
in air. All control 1-cell Fj embryos proceeded to the blastocyst stage on day-5 of 
culture. Although the first cleavage of 1-cell Fj embryos in Hepes buffered CZB 
medium containing no NaHCC^ was unaffected subsequent development in vitro 
was significantly retarded. In media containing NaHCOß in vitro development 
proceeded normally up to day-4 of culture but subsequently deteriorated with only 
a few proceeding to the blastocyst stage.
Table 3.3b shows the development of 1-cell Fj embryos in Hepes buffered CZB 
medium containing 6mM, 8mM, lOmM or 12mM NaHCO^ cultured under an 
atmosphere of air. The in vitro development of all the test groups were statistically
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similar to control group up to day-4 of culture. The survival and development to the 
blastocyst stage of embryos cultured in Hepes buffered CZB containing 6mM, 
8mM, and 12mM NaHCC^ were lower than and statistically different from control 
values. Hepes buffered CZB medium containing lOmM NaHCC^ supported the 
survival and development of 66.7% of the F j embryos to the blastocyst stage which 
was not statistically different (p=0.2773) from development of control embryos 
(80%). The blastocysts that developed in Hepes buffered CZB medium containing 
lOmM NaHCOß were morphologically similar to those that developed in the 
control medium, (plate 3.1)
3A .1.5. Experiment 3.4: Differences in Preimplantation Development In Vivo 
Between S.O. and Fj Mouse Embryos
The results of experiment 3.4 are given in Table 3.4. This experiment consisted of 
four tests whose data could not be pooled because preliminary analysis showed a 
significant interaction between tests and strain of mice. Chi-square tests of 
individual tests for heterogeneity of the distribution of developmental stages 
indicated that the in vivo development of F } embryos was significantly faster than 
that of S.O.embryos when assessed at day-4 of pregnancy. The total number of 
embryos produced was lower in Fj mice.
3.4.2. Experiment 3.5: The Effect of Pheromones and Superovulation on the 
Copulation Rate in S.O. Mice
Results of experiment 3.5 are given in table 3.5. In the two groups of mice that 
were not treated hormonally those that were subjected to Whitten effect (Group B) 
exhibited a significantly higher copulation rate than those that were mated at 
random (Group A). Superovulation (Group C) alone resulted in significantly less 
copulation as compared to those that were subjected to both superovulation and 
Whitten effect (Group D). Mice that were subjected to Whitten effect and treated 
with PMSG but not hCG (Group E) exhibited significantly lower copulation rate 
than those of Group D but significantly higher than Group C. Mice that were 
selectively treated hormonally and subjected to Whitten effect ( Group F) exhibited 
the highest copulation rates and was statistically different from that of all other 
hormonally treated groups (Groups C, D, and E).
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Table 3.4: Comparison of the developmental stages of embryos
in Swiss outbred and FI mice on day-4 of pregnancy*
Stage of development Embryo strain and number (%) of
/description each developmental stage recovered
Test No.l Swiss outbreds F I
Compacted morulae 10 (7.2%) 0 (0%)
Early blastocysts 57 (41.0%) 15 (19.2)
Blastocysts 72 (51.8%) 19 (24.4%)
Expanded blastocysts 0 (0%) 7 (9.0%)
Hatched blastocysts 0 (0%) 37 (47.4%)
Chi-square test for heterogeneity p c o .o o o i
Number of mice 11 10
Time killed 9.00 am 9.00 am
Test No.2
Compacted morulae 22 (26.8%) l  ( i . i% )
Early blastocysts 31 (37.8%) 19 (21.1%)
Blastocysts 29 (35.4%) 42 (46.7%)
Hatched blastocysts 0 (0%) 28 (31.1%)
Chi-square test for heterogeneity p c o .o o o i
Number of mice 7 10
Time killed 9.00 am 9.00 am
Test No.3
Compacted morulae 13 (9.2%) 4 (5.2%)
Early blastocysts 81 (57.5%) 23 (29,9%)
Blastocysts 47 (33.3%) 50 (64.9%0
Chi-square test for heterogeneity p<0.0001
Number of mice 10 7
Time killed 7.30 am 7.30 am
Test No.4
Compacted morulae 28 (71.8%) 15 (40.5%
Early blastocysts 11 (28.2%) 20 (54.1%)
Blastocysts 0 (0%) 2 (5.4%)
Chi-square test for heterogeneity p<0.05
Number of mice 7 4
Time killed 6.00 am 6.00 am
Total number of embryos recovered 402 282
Total number of mice 35 31
Fl = [(C57BL/6J x SJL/j) x S.O.] * All mice were subjected to Whitten effect
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PLATE 3.1
rOP:Expanded and expanding Fj[(C57BL/6J x SJL/J) x 
S.O.] blastocysts that developed from 1-cell embryos 
cultured in medium in an atmosphere of air
MIDDLE:A uterine section of an aging 14 months old 
18-day pregnant C57BL/6J mouse showing severe cystic 
hyperplasia which varied from small to very 
large/extensive irregular proliferations
BOTTOM.Cystic and atrophied ovary of an aging 14 
months old C57BL/6J mouse.

3.4.3. Experiment 3.6: Effect of Aging on Uterine and Ovarian Histology in the 
Mouse
Results of histopathological studies in aging 65 to 69 weeks old mice revealed 
moderate to severe cystic endometrial hyperplasia. Uterine glands were dilated 
with fluid-filled cysts of varying sizes from small to very large exhibiting irregular 
proliferation. The endometrial proliferation was often associated with ovarian 
cystic atrophy. The young 6 to 9 weeks control female mice generally exhibited 
normal uterine and ovarian histology, (plate 3.1)
Table 3.6: The effects of age of recipients when embryos were transferee! to 
pseudopregnant C57BL/6J mice
Description Total 
number 
of embryos
Number
of
fetus
Number
of
resorptions
Total
implantations
Young mice 
6 to 9 weeks 
(Controls)
656 87 38 125(19%)
Aging mice 
65 to 69 
weeks
194 10 6 16 (8.2%) 
p<0.001
Table 3.6 shows the difference in the abilities of the young and aging mice to 
support pregnancy when untreated S.O day-4 embryos were transferred.
3.5. Discussion
3.5.1. Preimplantation Development
In Experiments 3.1 to 3.3 the development of embryos was examined when 
cultured in Whitten's medium and CZB with modifications to the gas phase, the 
presence of glucose and glutamine, and content of NaHCOß. Whitten's medium
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was virtually identical to that used by Whitten (Whitten, 1971) with minor 
modifications as given in Chapter 2, section 2.1.2.2..
3.5.1.1. The Effect of Oxygen Tension
The significantly higher cleavage rates (Group C, Table 3.1) of 1-cell S.O. embryos 
to the 2-cell stage and thence to 4- to 8-cell stages in WM equilibrated with and 
cultured in an atmosphere of high oxygen tension (5% CO2 in air) show that 
increased oxygen concentration does not exacerbate the block in S.O. embryos. 
Furthermore the increased oxygen concentration appears to be beneficial for 
development up to the 8-cell stage.
There are factors operating to modify the availability of oxygen to embryos 
depending upon whether they are in the oviduct or in a droplet of culture medium. 
Early embryos within the oviduct are subjected to considerable mixing forces, due 
to the motion of cilia and muscular contraction of the tube (Leese 1988, 1991), both 
of which will minimize the build-up of a stagnant or unstirred environment around 
the periphery of the embryo. By contrast, embryos in culture are in a static state. 
Theoretical calculations have indicated that stagnation may occur in such a 
standing situation, and that oxygen consumption is limited as a result (Byatt-Smith, 
Leese and Gosden, 1991). This is probably why the embryos in culture are 
excessively glycolytic under hypoxic conditions (5%CC>2, 5%C>2 and 90% ^). 
Any impairment of oxygen consumption will tend to limit the aerobic utilization of 
substrates and hence the high production of lactate (from glucose) by embryos in 
culture (Gott, Hardy, Winston and Leese, 1990). This may explain why the 1-cell 
embryos developed better under high oxygen tension in culture.
On day-4 of culture the proportion of embryos developing to the apparently normal 
compacted morulae stage was high (82 to 88%) and there were no significant 
differences between the various groups. However lower proportions developed to 
the blastocyst stage (40 to 49%) in all the four groups tested. A plausible 
explanation could be depletion of essential nutrients and/or accumulation of toxic 
by-products of embryo metabolism.
Attainment of the blastocyst stage of embryo development requires compaction of 
the blastomeres at the 8-16 cell stage followed by blastocoel formation. In the 
present study there was no evidence that compaction was not normal. There is an 
increased metabolic activity, particularly glucose metabolism, after the 8-cell stage
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(O'Fallon and Wright, 1986; Wales, 1986) and during the formation of the 
blastocoelic cavity associated with increased synthesis and activity of 
Na+/K+ATPase (Benos and Balaban, 1990; Flynn and Hillman, 1980; Ginsberg 
and Hillman, 1973). However, lower formation of blastocysts from compacted 
morulae is unlikely to be related to depletion of energy sources in the culture 
medium because of the relatively high level of glucose, in WM and furthermore the 
problem is not alleviated by reducing the number of embryos per unit volume of 
medium.
3.5.1.2. The Effects of Glucose and Glutamine in the Medium.
The role of glucose in the metabolism of embryos has been the subject of recent 
reports. Although glucose is not a major energy substrate until the 8-cell stage 
when the expression of GLUT2 (Hogan, Heyner, Charron et al., 1991) is switched 
on, there is expression of a glucose transporter GLUT1 (Gardner and Leese, 1988) 
and a low level of glucose uptake at the 1-cell stage. Nevertheless Chatot et al 
(1990) concluded that glucose is detrimental to embryos in culture prior to day-3. 
In Experiment 3.2a WM was compared with CZB medium with and without 
glucose and with two different gas phases. Again there was no deleterious effect of 
high oxygen tension and the addition of glucose to CZB medium was clearly 
beneficial. This is in contrast to the conclusion of Chatot et al. (1990) who 
demonstrated superior development prior to day-3 when glucose was replaced with 
L-glutamine. The solution to this paradox may be provided by Lawitts and Biggers 
(1992) who showed that glucose had no inhibitory effect and that glutamine 
protects the embryo in the presence of high concentrations of sodium chloride. 
Thus the beneficial effect of replacing glucose with glutamine (Chatot et al., 1990) 
derives from the addition of glutamine rather than the removal of glucose. 
Glutamine acts as an organic osmolyte and prevents the development of high ion 
concentration in blastomeres thereby protecting the embryo (Lawitts and Biggers, 
1992).
Comparisons of the compositions of WM and CZB medium reveals that whilst 
WM contains glucose it contains no glutamine. In Experiment 3.2b it was shown 
that when L-glutamine was added to WM the development of embryos was much 
improved and was indistinguishable from the development in CZB medium.
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The present findings show that the presence of glutamine in the medium could be 
beneficial to in vitro development of embryos and that for certain strains of mice 
both high oxygen tension and glucose are advantageous to embryo development.
The present study also showed the importance of equilibration of medium prior to
culture of embryos. In Experiment 3.1 embryos of group D were cultured without
prior equilibration of the medium. The formation of blastocysts in this group was 
-er.
significantly poor/ The detrimental effect was not evident until after the compacted 
morula stage suggesting that the damage that occurred at the time of initiation of 
culture could have far reaching effects on the embryo.
3.5.1.3. Culture of 1-Cell Fj Mouse Embryos in an Atmosphere of Air Without 
Carbon Dioxide Gas Mixtures
The findings of Experiment 3.3 have shown that embryos can be cultured in a 
chemically defined medium in an atmosphere of air without the usual carbon 
dioxide gas mixtures. The embryos were cultured in Hepes buffered CZB medium 
containing glucose throughout preimplantation development. The modified CZB 
medium contained various concentrations, ranging from 0 to 12mM, of sodium 
bicarbonate (NaHCOß) and 25mM sodium Hepes. The medium with lOmM 
NaHCC> 3 supported embryo development at a level statistically comparable to that 
in CZB medium incubated in 5%CC>2 in air.
It is interesting to note that the 2-cell block was not significant and that the 
majority of embryos proceeded beyond the 2-cell stage even with no or low 
concentrations of NaHCC^. The absence of NaHCC^ appears to be detrimental to 
the development of embryos beyond the 2-cell stage. The presence of even ImM 
NaHCC> 3 can support the development of the embryos up to the compacted 
morulae stage.
The role of NaHCC^ in the development of embryos in the Hepes buffered CZB 
medium could be both as a nutrient and as a regulator of intracellular pH. 
Intracelluar pH (pH )^ is regulated by specific plasma membrane systems in almost 
all cell types. The Na+/H+antiport and the Na+-dependent HCOß'/Cl" exchanger 
are active in relieving acid loads. Both depend on the Na+ gradient (and the 
presence of external Na+) for energy. The Na+-independent HCC^'/Cl" exchanger 
is active in relieving alkaline loads. It depends on the Cl" gradient (and the 
presence of external Cl") for its energy (Biggers, Baltz and Lechene, 1991). The
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acid load relief system does not appear at the 2-cell stage (Baltz, Biggers and 
Lechene, 1990) but the alkaline load relief system is present at the 2-cell stage 
(Baltz, Biggers and Lechene, 1991). This is curious but probably reflects the 
unique environment of the preimplantation embryo. The oviductal fluid has both 
high pH and high K+ concentration (Leese, 1988), both of which alkalinize the 
cells of the embryo. Therefore an acid load relieving system may not be necessary 
in this milieu (Biggers, Baltz and Lechene, 1991)
The fascinating mechanisms that the embryo has for regulating intracellular pH 
may explain the role of NaHCC^ in the culture medium developed for culture of 
embryos in an atmosphere of air without carbon dioxide. This culture system may 
be further improved to yield better results and modified to enable the culture of 
other mammalian embryos, in particular, that of agriculturally important animals. 
This culture system will be cheaper than conventional carbon dioxide gas 
incubation and will facilitate the culture of embryos under less rigorous laboratory 
conditions.
3.5.1 A. Differences in Preimplantation Development between Swiss Outbred (S.O.) 
and Fj Embryos
There are very few reports on the differences between the embryos of Fj and 
outbred mice. The present study shows that F j embryos develop significantly faster 
than S.O. embryos in vivo. It is not known whether this is due to earlier ovulation 
or faster in vivo embryonic development attributable to the heterosis effect. 
Interestingly, egg production is lower in F ^  mice.
In the preceding sections of this report experiments on embryo culture in WM 
medium show that the formation of blastocysts was significantly higher in F j 
(68.3%) than in S.O. (46.6%) when 1-cell embryos were cultured under similar 
conditions. Experiments conducted on vitrification of 1-cell mouse embryos 
(Chapter 7) also showed that F  ^ 1-cell embryos (91.7% survived) can tolerate 
traumatic environmental conditions such as freezing and thawing while the S.O. 1- 
cell embryos (19.4% survived) were less capable of tolerating similar conditions.
Further studies to determine the differences between the embryos of Fj and, 
outbred or inbred strains of mice will provide useful information and a guide to the 
interpretation of experiments using mice of different genetic backgrounds.
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5.3.2. Effect of Pheromones and Superovulation on the Mating Behaviour of Swiss 
Outbred Mice
The existence of olfactory communication in most animals is well documented. 
The term "pheromone" was coined by Karlson and Luscher (1959) for insects. One 
of the first pheromonal effects to be described in mammals is associated with the 
influence of stimulants produced by male mice on the reproductive physiology of 
female mice (Whitten, 1956).
The study shows that if females were randomly placed with males for mating the 
copulation rate is likely to be low. This is because a given population of female 
mice may not all be in oestrus at any one time. It is therefore natural that only a 
small proportion mate. If the oestrous cycles are synchronised by Whitten effect 
(Whitten, 1957b) the proportion that mates is increased significantly. There is no 
reason to doubt that the Whitten effect will work in other strains of mice. 
Experience shows that the oestrous cycles of Fj [(C57BL/6J x SJL/J) x S.O.] and 
C57BL/6J females can be synchronised. The copulation rates in these two strains of 
mice when subjected to the Whitten effect were 43.8% (60/137) and 45.7% (37/81) 
respectively. This may not be true in older mice or those that have been left in a 
group remote from males for extended periods of time. Young females of 6 to 9 
weeks respond to the Whitten effect. Indeed a number of previous reports confirm 
this claim. If mice are left in groups away from males for extended periods of time 
various degrees of inhibition of oestrous cycles occur with extended dioestrus 
(Lamond, 1959; Whitten, 1959; Champlin, 1971), or induction of pseudopregnancy 
(Van der Lee and Boot, 1955, 1956; Dewar, 1959; Mody, 1963) or the occurrence 
of anoestrus for a number of days (Whitten, 1959).
The present findings indicates that pheromones augment the effect of hormonal 
superovulation in mice, resulting in a greater number of matings and therefore 
higher embryo yield. This finding confirms the previous reports of Zarrow et al. 
(1970).
In addition the present report also shows that exclusion of hCG during the 
combined pheromone and superovulation regime can reduce the mating rates 
significantly. In spite of hCG exclusion however the mating rate was still 
significantly higher than with hormonal superovulation only. Clearly pheromones 
have a distinct effect on the oestrous cycle and therefore the mating behaviour of 
mice.
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It is of interest to note that statistically the highest mating rate was obtained when 
mice that were in metoestrus II or dioestrus were selectively treated with both 
gonadotrophins and pheromones. Under natural conditions mice that were in 
metoestrus II or dioestrus will proceed to oestrus in 3 or 2 days respectively. 
Combined pheromonal and superovulation treatments at these phases will ensure 
mating in all treated females. This is only possible with young adults preferably 6 
weeks old . Older females and those that have been grouped and left in seclusion 
from males may not respond as well as young females for reasons described earlier.
Dioestrous and metoestrous II females can be identified by the appearance of the 
vagina (Champlin, Dorr and Gates, 1973). This is a useful and economical way of 
generating eggs and embryos. Further, pheromone augmentation during 
superovulation may help overcome the asynchrony of superovulation reported by 
Stem and Schuetz (1970).
3.5.3. Effect of Aging on Uterine and Ovarian Histology in the Mouse
Young female mice exhibited normal ovarian and uterine histology. In contrast,
extensive ovarian and uterine lesions were observed in the aging mice.
The uterine glands of aging mice were significantly dilated with moderate to severe
cystic endometriotic hyperplasia. The cysts were filled with light-yellowish clear
exhibiting
fluid. The cysts ranged from small to very large/irregular proliferation and were 
found in association with ovarian cystic atrophy. Contrary to previous report 
(Burek et al. 1982) cystic endometriosis was observed in mice younger than 18 
months. It is curious that aging females with extensive cystic endometriosis and 
ovarian atrophy could support pregnancies. Live fetuses (18 days old) have been 
recovered from such mice. The ability of the aging mice to support pregnancy was 
however significantly reduced compared to that of younger mice. Similar 
observations have been made by other workers (reviewed in section 3.2.3.). These 
observations have not been reported previously in C57BL/6J mice.
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CHAPTER 4: DETERMINATION OF GLASS FORMING TENDENCIES 
OF CRYOPROTECTANTS
4.1. Summary
A total of 3,044 molar concentrations of cryoprotectant solutions were investigated 
by two cooling protocols, totalling 6,088 investigations to assess glass forming 
tendencies. The two cooling protocols employed were, first, by direct plunging of 
the loaded straw into into liquid nitrogen (ultrarapid method), or, second, cooling 
on a styrofoam boat floating on liquid nitrogen for two minutes followed by 
plunging into liquid nitrogen (rapid method). Warming or thawing was performed 
by direct immersion into a water bath maintained at 25°C. Straws that remained 
clear both during cooling and warming were considered vitrified. A total of 12 
permeable and non-permeable cryoprotectants were employed in the study. From 
the 6,088 investigations performed, vitrification during cooling and its persistence 
during warming was obtained in 76 ultra rapidly and 66 rapidly cooled 
cryoprotectant solutions. The results of the various experiments performed 
generally exhibit a consistent pattern of tendencies toward crystallization, 
vitrification, devitrification or fracture formation. This was anticipated as all 
solutions obey the physical laws or principles of vitrification irrespective of 
chemical differences. In general the present findings confirm previous reports that 
the cooling and warming rates are the major determinant factors for a particular 
reaction to proceed towards vitrification or devitrification, and this is directly 
influenced by other factors such as volume and solute concentration. Minor 
changes in solute concentration, the cooling and warming rates or volume of 
container used during freezing can alter the vitrification process profoundly. Some 
solutions of cryoprotectants exhibit a greater tendency to brittleness or fracture 
formation, and this is evident in solutions containing high concentrations of 
cryoprotectants particularly those of butylene glycol, dimethyl sulphoxide, 
propylene glycol, and to a lesser degree, glycerol. These experiments identified 
cryoprotectant solutions suitable for further testing in cryopreservation of embryos.
4.2. Introduction
Cryoprotectant solutions that vitrify during cooling and remain vitrified during 
warming are potentially useful as freezing solutions for the ultrarapid 
cryopreservation of mammalian embryos by vitrification. Therefore solutions
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exhibiting the tendency to vitrify both during cooling and thawing at room 
temperature (25°C) were sought for subsequent investigation and development.
It is possible to obtain good vitrification with high concentrations of a single 
cryoprotectant, but such high concentrations are invariably toxic to embryos, hence 
the use of cryoprotectant mixtures. Mixtures of cryoprotectants generally have 
lower vitrification concentrations (Cv) (Fahy, Levy and Ali, 1987) than single 
cryoprotectant solutions. With reduction in vitrification concentration, it follows 
that toxicity of the vitrification solution should likewise be reduced.
Compounds other than the conventional cryoprotectants have recently assumed 
some prominence as cryoprotectants and vitrifying agents. Alanine-rich 
polypeptides provide cryoprotection to polar fishes (Yang, Sax, Chakrabarty and 
Hew, 1988) but are extremely expensive. Methanol which is highly permeating and 
non-toxic to embryos has been claimed to be an effective cryoprotectant (Rail, 
Czlonskowska, Barton and Polge, 1984; Czlonskowska, Papis, Guszkiewicz, 
Kowsakowski and Eysymont, 1991). Boutron (1990) suggested that 2,3-butanediol 
could be a better glass former than other cryoprotectants and seemed to be 
relatively non-toxic. High molecular weight polymers also are known to reduce the 
vitrification concentration (Cv) of solutions (Fahy et al. 1984) and Kasai et al. 
(1990) used Ficoll 70 to assist vitrification of a permeable cryoprotectant.
The aim of this study was to determine the glass forming tendencies of molar 
concentrations of permeating and non-permeating cryoprotectant solutions either 
singly or in combinations of two. This was the first step towards the development 
of a method of embryo cryopreservation by vitrification.
4.3. Experimental Design
The following cryoprotectants were investigated: DL-alanine (Ala), butylene glycol 
(BG), dextran (mw 70,000) (Dex), dimethyl sulphoxide (DMSO), ethylene glycol 
(EG), ficoll (mw 70,000) (Fic), glycerol (Gly), methanol (Met), polyethylene 
glycol (mw 80,000) (PEG), polyvinylpyrrolidone (mw 10,000) (PVP) and 
propylene glycol (PG). Alanine polypeptides would have been more appropriate 
than DL-alanine but are extremely expensive and may not be practicable for 
routine applications in freezing procedures hence Ala was investigated as an 
alternative. A total of 3,044 cryoprotectant combinations/solutions were 
investigated by two treatment protocols totalling altogether 6,088 investigations.
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Where possible molar solutions of cryoprotectants ranging from 1.0 to 12.0M were 
prepared in phosphate buffered saline containing 5% v/v FCS. The highest 
concentration of BG was 11.0M. Ala is only sparingly soluble, so molar solutions 
ranging from 0.1 or 0.2 to 1.0M were prepared. Solutions of the high molecular 
weight polymers, Fic, Dex and PVP ranged from 5 to 20%. For PEG however 
solutions ranging from 1.25% to 10% were prepared as higher concentration was 
found to be extremely toxic to embryos. Although sterility was not necessary for 
the experiment all solutions were filtered sterile with 0.22wm pore sized filters 
(Sartorius, Germany). This was done to discourage growth of microorganisms 
during subsequent storage at 4°C. To determine the tendency of solutions of two 
cryoprotectants in combination to vitrify, a range of combinations was examined. 
To achieve this cross-tabulations were made with one cryoprotectant arranged in 
increasing order of molarity from left to right on the x-axis, which was divided 
into 12 intervals, each interval denoting an increase in molarity of 0.5M. The y-axis 
representing another cryoprotectant was similarly arranged in increasing order of 
molarity from top to bottom. This method of cross-tabulation is illustrated in 
Tables 4.1 to 4.25, and was originally described by Scheffen, Van der Zwalmen 
and Massip. (1986) and later used by Massip, Van der Zwalmen, Scheffen and 
Ectors (1989). The methodology differed from that of these two groups in that, 
instead of using gram per cent (w/v) or volume per cent (v/v) solutions of 
cryoprotectants, molar solutions were used where possible. For each pair of 
cryoprotectants tested there were usually 144 combinations. The various 
combinations of molar solutions were loaded into 0.25ml plastic insemination 
straws (I.M.V., L'Aigle, France) and tested for vitrification as described in Section 
2.2.5.
4.4. Results
(The tables for Experiments 4.2 to 4.25 are given in the Appendix)
The results of experiments (experiments 4.1 to 4.25) conducted to determine glass 
forming tendencies of cryoprotectant solutions are given in Tables 4.1 to 4.25. As 
described earlier two different freezing protocols were utilised in the study. The 
lowest concentrations at which individual cryoprotectant solutions vitrified by the 
ultrarapid method is given in Table 4.26. Of the 6,088 investigations performed 
complete vitrification was obtained during cooling and maintained during warming 
in 76 ultrarapidly and 66 rapidly cooled cryoprotectant solutions. In Tables 4.1 to 
4.25 boxes which are indicated by the question mark (?) denote solutions in which 
the events during warming could not be accurately ascertained as to whether it
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remained vitrified or devitrified. This was because they were grossly fractured 
during cooling and hence it was difficult to assess vitrification/devitrification 
during warming. If fractures occurred at concentrations above Cv it is very likely 
that they remained vitrified during warming, if lower than the Cv it is possible that 
they devitrified during thawing.
4.4.1. Experiment 4.1: The Ternary System Water-GlyceroTEthylene Glycol (H2O- 
Gly-EG)
The results of experiment 4.1 are given in Table 4.1. Glycerol vitrified at 5.0M and 
beyond when cooled ultrarapidly. Concentrations of ethylene glycol up to 6.0M do 
not vitrify during cooling but in a separate experiment, 6.5M ethylene glycol was 
observed to vitrify during ultrarapid cooling. The glasses that were formed at these 
concentrations however devitrified when immersed directly into a water bath 
maintained at 25°C. At these concentrations vitrification does not occur if cooled 
rapidly on a boat but crystallization occurs instead.
These observations are not confined to single cryoprotectants alone but also occur 
in solutions with combinations of cryoprotectants. When Glycerol and ethylene 
glycol are combined, the lowest concentration at which vitrification can occur 
during ultrarapid cooling is 4.5M Gly-0.5M EG; with rapid cooling the same 
concentration results in crystallization. Warming also results in devitrification. The 
tendency to vitrify and devitrify in this mixture in similar to that observed for 
single cryoprotectants like 6.5M ethylene glycol and 5.0M glycerol.
In the system h^O-Gly-EG, the lowest concentration at which vitrification occurs 
both during ultrarapid and rapid cooling and ultrarapid thawing is the combination 
2.5M Gly-5.5M EG. This combination also appears to be doubly unstable because 
the concentration of Gly and EG present barely allows glass formation. If the 
concentration was reduced by 0.5 EG, devitrification occurs during thawing to 
25°C.
If the concentration is increased by 0.5M EG, fractures appear during thawing after 
both ultrarapid and rapid cooling. All these findings indicate that the cooling and 
warming rates affect vitrification tendency which is influenced directly by solute 
concentration when all other factors are kept constant.
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Of the 288 investigations conducted on the ternary system EbO-Gly-EG tested for 
vitrification tendencies, the potentially useful combinations that remained vitrified 
without forming fractures both during cooling and warming to 25°C (also indicated 
by shaded areas in Table 4.1) were:
Ultrarapid method
2.5M Gly-5.5M EG (Total = 8.0M)
3.0 5.0 ( 8.0)
3.0 5.5 ( 8.5 )
3.5 4.5 ( 8.0)
3.5 6.0 ( 9.5 )
4.5 3.0 ( 7.5 )
4.5 3.5 ( 8.0)
3.0 5.5 ( 8.5 )
Rapid Method
2.0M Gly-6.0M EG (Total = 8.0M)
2.5 5.5 ( 8.0)
3.0 5.0 ( 8.0)
3.5 6.0 ( 9.5 )
4.5 3.0 ( 7.5 )
4.5 3.5 ( 8.0)
5.0 2.5 ( 7.5 )
5.0 3.0 ( 8.0)
5.0 6.0 ( 11.0)
5.5 2.0 ( 7.5 )
5.5 2.5 ( 8.0)
5.5 4.5 ( 10.0)
6.0 1.0 ( 7 .0)
6.0 1.5 ( 7 .5)
6.0 3.0 ( 9.0)
6.0 5.5 ( 11.5)
Another difference between the ultrarapid and rapid methods in this system was 
that when concentrations reach glass forming levels there was a tendency towards 
brittleness and fractures during ultrarapid cooling. Fractures normally do not occur 
when cooled rapidly, on the contrary rapidly cooled vitrified samples usually 
fracture during warming. Fractures both during cooling and warming are
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accompanied by crackling sounds that vary with the intensity of the fracture and, 
o f . -ly
the appearance^tiny air bubbles during thawing. With ultrarapid/cooled vitrified
samples, fractures normally do not occur during thawing if already fractured during
cooling. Fractures may however occur in ultra rapidly cooled samplesif the glass
formed was not fractured during cooling.
Another notable observation was that with gradual increase in solute concentration 
the tendency to vitrify increases along with which the tendency towards brittleness 
and fracture also increases. This is clearly illustrated in Table 4.1. Lower 
concentrations are characterized by devitrification whereas higher concentrations 
are characterized by vitrification rapidly progressing towards fractures and 
brittleness.
The present findings suggest that the tendency towards brittlesness also appears to 
be controlled by solute concentration and the rates of cooling and warming when 
all other factors are kept constant.
4.4.2. Experiments 4.2 to 4.25
The results of experiments 4.2 to 4.25 are given Tables 4.2 - 4.25 (see Appendix). 
All solutions obey the same laws of vitrification, and generally all systems tested 
do not differ greatly from one another. In general, the effects of cooling and 
warming rates, and that of solute concentration on cyrstallization, vitrification, 
devitrification and fracture formation in all systems tested are similar to the system 
F^O-Gly-EG, with minor variations unique to individual systems.
The tendency towards brittleness and fracture formation appears to be more 
pronounced in solutions containing BG, PG, DMSO and to a lesser degree, Gly and 
Met. The former three are good glass formers. Vitrified solutions of systems 
containing any of these compounds are prone to brittleness and fracture readily 
either during cooling or warming. The tendency towards brittleness varies in 
degree from highest in BG, followed by PG, then DMSO, Gly, Met, and finally 
EG. Some systems are so prone to brittleness that only a few combinations remain 
unfractured following vitrification. Brittleness occur only in vitrified solutions and 
in some instances in intermediates which are translucent in appearance. Examples 
of systems that are very prone to brittleness are H2O-EG-BG, F^O-Met-Gly, H2O- 
EG-DMSO, F^O-Met-BG, H2O-PG-DMSO, H2O-PG-BG. Solutions containing 
two good glass formers are more brittle than combinations containing one poor
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glass former and one good glass former. In general, good glass formers are very 
prone to brittleness.
Poor glass formers like Met and Ala tend to increase the vitrification concentration 
(Cv) of solutions such that only solutions with a combined molarity, often in the 
order of 9.0 and above vitrify. This is seen in the system F^O-Met-EG, FbO-Met- 
Ala. Met is a low molecular weight compound. Although BG is a good glass 
former it does not appear to influence Met in the system F^O-Met-BG. In this 
system the total molarity has to be in the order of 11.5M and above for vitrification 
to occur. Clearly Met influences systems in which it is present to increase the 
vitrification concentration substantially. Solutions of high molarity such as 6.0M 
Met-4.0M BG devitrify during warming.
The tendency of BG to vitrify at low concentrations appears to be confined to 
cooling only. During warming most combinations of BG or fairly high 
concentrations of BG alone (6.5M) tend to devitrify. It is however clear that BG 
influences most systems in which it is present to decrease the vitrification 
concentration during cooling.
Ala is poorly soluble in water and is a poor glass former. Systems containing Ala 
generally did not yield good glasses. Certain systems containing Ala did not yield 
any glass at all, e.g. the systems F^O-Met-Ala and F^O-EG-Ala. Met as pointed 
out earlier is a poor glass former as well while EG is only moderately efficient as a 
glass former.
The presence of high molecular weight polymers such as Fic, Dex, PEG, and PVP 
did not significantly reduce the vitrification concentration of solutions.
The shaded areas in Tables 4.1 to 4.25 indicate combinations of cryoprotectants 
that remained vitrified without formation of fractures during cooling and warming. 
These solutions are potentially useful vitrification solutions for the 
cryopreservation of embryos. The suitability of these solutions as embryo 
cryoprotectants was tested in subsequent investigations.
4.4.3. Concentration of Vitrification (Cv) of Cryoprotectants
The minimum vitrification concentration (Cv) of cryoprotectants when cooled at 
two rates are given in Table 4.26. The lowest concentrations at which the various
76
Ta
bl
e 
4.
26
 
M
in
im
um
 v
itr
ifi
ca
tio
n 
co
nc
en
tra
tio
n 
of
 c
ry
op
ro
te
ct
an
ts
 d
ur
in
g 
co
ol
in
g 
by
 d
ire
ct
 p
lu
ng
in
' 
in
to
 li
qu
id
 n
itr
og
en
 o
r 
co
ol
in
g 
on
 s
ty
ro
fo
am
 b
oa
t 
flo
at
in
g 
on
 li
qu
id
 n
itr
og
en
 fo
llo
w
ed
 
by
 p
lu
ng
in
g 
in
to
 li
qu
id
 n
itr
og
en
77
cyroprotectants vitrified during ultrarapid cooling, in increasing order of molarity 
were as follows: BG, 3.0M (27.04%); PG, 4.0M (30.44%); DMSO, 5.0M 
(39.07%); Gly, 5.0M (46.05%); and EG, 6.5M (40.35%). Met failed to vitrify even 
at absolute concentration.
An interesting observation was the effect of changes in the warming rate. 
Concentrations of cryoprotectants loaded into a 0.25ml insemination straw that just 
allow vitrification during ultrarapid cooling and do not devitrify when thawed by 
immersion in a water bath maintained at 25°C, devitrify if immersed in water 
maintained at 4°C. The same solution when loaded in a 0.5ml straw vitrifies during 
ultrarapid cooling but devitrifies during warming when immersed in a water bath 
maintained at 25°C. The tendency to devitrify decreases progressively with 
increase in the warming rate.
Vitrification solutions that do not fracture during warming when loaded in 0.25ml 
straws, fracture when loaded in 0.5ml straws. The intensity or degree of fracture 
progressively decreases with increase in the warming rate.
4.5. Discussion
The cooling rate is one of the main factors affecting vitrification of solutions. Very 
high cooling rates can circumvent ice formation (Turnbull, 1969; Uhlmann, 1972). 
This has been demonstrated in the present study. A particular concentration of a 
solution that vitrifies upon plunging directly into liquid nitrogen crystallizes when 
cooled on a styrofoam boat for two minutes and then plunged into liquid nitrogen. 
This was observed in almost all systems investigated e.g the system H2O-EG- 
DMSO, in particular the combination 3.0M EG and 3.5M DMSO. In this 
combination of cryoprotectants the sample that was plunged directly into liquid 
nitrogen vitrified but the same combination crystallized when cooled on the 
styrofoam boat for two minutes prior to plunging into liquid nitrogen. This suggests 
that during ultrarapid cooling the ice nuclei did not get sufficient time to form, or if 
formed, to grow to macroscopic dimensions and result in crystallization of the 
solution. With boat cooling on the other hand, the ice nuclei had sufficient time to 
form and to grow resulting in crystallization of the solution. If however the 
concentration of the solute is increased by 0.5M (i.e. from 3.0M EG-3.5M DMSO 
to 3.0M EG-4.0M DMSO) the sample cooled on the boat vitrifies. In other words 
slow cooling requires a higher concentration of solute to vitrify as compared to the 
faster ultrarapid cooling. Thus the addition of solute leads to sufficient depression
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of 7^ that the solution becomes glass forming. This finding also demonstrated that 
very minor changes in solute concentration can have profound effects on the 
vitrification tendencies. Good vitrification solutions, on the other hand, can fracture 
with minor increases in solute concentration. This can be observed in almost all the 
systems investigated.
The effects of ultrarapid temperature change and solute concentration on glass 
formation is not confined to cooling alone but also affects devitrification during 
thawing (i.e. warming). The combination 3.0M EG-4.0M DMSO is a case in point. 
The ultrarapidly cooled solution remained vitrified during ultrarapid warming to 
25°C (by direct plunging into water bath maintained at 25°C). With the boat 
cooled sample however devitrification occurred during similar warming/thawing 
treatment in spite of vitrification during cooling. This suggests that ice nuclei 
formed during cooling on the boat did not have sufficient time to grow. During 
ultrarapid warming they grew to result in ice formation.
The combination 3.0M EG-4.0M DMSO of the system water-EG-DMSO is an 
interesting combination because it is also the minimum combination of the said 
system that can vitrify during ultrarapid cooling and remain vitreous during 
thawing. Even minor changes such as a minor decrease in the cooling and 
warming rates or a change in the volume of the vitrification solution can all result 
in devitrification as illustrated by the following observations.
Concentrations of solutions that barely allow vitrification devitrify if loaded into 
0.5ml straws instead of 0.25ml straws. The volume and shape of the freezing 
vehicle or of the solution itself is a factor affecting vitrification. This is probably 
due to the formation of unequal thermal gradients that arise when the diameter of 
the sample is increased, such that the warming rate at the surface is much faster 
than at the core creating a thermal gradient leading to crystallization of the 
solution. However if warming is sufficiently rapid devitrification can be avoided.
In a similar manner a drop in the warming rate can also result in devitrification. 
This was observed when the temperature of the water bath used for thawing straws 
was brought down fron 25°C to 4°C. Concentrations of solutions that remained 
vitrified during thawing at 25°C devitrified when thawed at 4°C. It is apparent that 
with lowered warming rates sufficient time was available for previously formed 
(i.e. during cooling) ice nuclei to grow.
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The concentrations of cryoprotectants exhibiting this behaviour are unstable; in 
spite of forming transparent glasses during cooling they devitrify with the slightest 
physical or environmental changes. Solutions with concentrations that are just high 
enough to allow vitrification both during cooling and warming invariably contain 
ice nuclei formed during cooling. The nuclei do not have sufficient time to grow to 
macroscopic dimensions during cooling. Glasses of this type are termed doubly 
unstable because they are simultaneously in states which are unstable with respect 
to both liquid and crystalline phases.
Truly stable glasses which are not affected by minor changes in cooling or 
warming rates and volume changes can be obtained by increasing the solute 
concentration in the solution to compositions where the homogeneous nucleation 
temperature, T  ^ is lower than the temperature of glass transitions, 7g.
The present study confirms Skripov's (1977) findings that solutes and their 
concentrations are factors affecting the equilibrium freezing behaviour, 7^. 
Increasing the solute concentration will depress T^ and the solution becomes glass 
forming. In the present study this was demonstrated in all systems investigated 
where with gradual increase in solute concentration most solutions become glass 
forming.
At or temperature of glass transition all thermodynamic, transport and material 
properties are known to undergo marked changes. Below Tg the volume continues 
to decrease but with a lower rate or lower expansivity with decreasing temperature. 
The contraction in volume has important material consequences. The material 
properties of the glassy state are thermal conductivity and fracture strength. The 
fracture strength of the totally vitreous material is limited. The thermal contraction 
which occurs during cooling below Ta will cause the sample to fracture if the 
cooling is too rapid (MacFarlane, 1987). This has been demonstrated in the present 
study. Fractures occurs almost always with solutions of high concentrations cooled 
ultrarapidly by plunging into liquid nitrogen. On the contrary the same solution (of 
the same concentration) rarely fractures during cooling on the boat for two minutes 
followed by plunging into liquid nitrogen. This could be due to a uniformity of 
temperature during cooling on the boat as compared to a lack of uniform cooling 
during direct plunging into liquid nitrigen. Direct plunging of highly concentrated 
solutions possibly results in unequal thermal gradients where the exterior of the 
sample contracts more rapidly than does the core, thereby placing the surface under 
considerable stress, and consequently leading to fracture.
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It is noteworthy that although solutions that fracture during ultrarapid cooling 
normally do not fracture when cooled on the boat, fractures are very common in 
boat cooled straws during ultrarapid warming to 25°C. The reverse appears to be 
true for the ultrarapidly cooled straw that fractured during cooling but normally do 
not fracture any further during ultra rapid warming. Formation of fractures both 
during cooling and warming are accompanied by a crackling sound that varies in 
intensity depending on the degree and extent of the fracture.
Interestingly, at certain solute concentrations the solution that forms glass does not 
fracture during either cooling or warming. These solutions are of considerable 
interest and importance as they are potential vitrification solutions for embryo 
cryopreservation. Fractures do not occur in these solute concentrations in the 
various systems probably due to the fact that all factors are interacting in 
equilibrium creating optimal conditions for the solution to remain in the glassy 
state without fracturing. The molecular interaction between the two different 
molecules in addition to or along with the various physical forces in these glassy 
states may also play an important role in maintaining equilibrium but the actual 
mechanism is speculative and remains to be elucidated.
One of the most complicating features of formation of fractures is the liberation of 
air in the form of tiny air bubbles which could be confused with devitrification. 
Fractures formed during cooling may be readily visible, those formed during 
warming often are not visible to the naked eye but the generation of tiny air 
bubbles and crackling sounds are indications of fracture formation. Fractures or 
cracks are of considerable importance in cryobiology as formation of fractures can 
easily damage the cryopreserved biological material /vitniication^oiutions of high 
cryoprotectant concentrations appear to be more brittle and tend to fracture. This is 
particularly evident in solutions containing BG, PG, DMSO and to a lesser degree 
Gly. Good glass formers also have a greater tendency towards fracture formation 
than poor glass formers.
Kroener and Luyet (1966a) reported that at slow cooling rates of one to three 
degrees C per minute no cracks appeared but when cooling was faster at 6.5°C to 
8.5°C per minute, cracks appeared. These workers used large volumes of solution 
in the order of 10ml as compared to 0.25ml employed in the present study. 
Volume, as discussed earlier has a profound effect on vitrification, hence the 
disparity in observations. In a subsequent report Kroener and Luyet (1966b)
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observed that a gram of a 97.3% solution of glycerol contracted by 2.8 mm , every 
10°C, above T„, and by 0.4 mm^,every 10°C below T„. A gram of 80% glycerol 
solution contracted by 2.2 mm-3 above and 0.19 mmJ below under similar 
conditions. Thus the coefficient of contraction above Ta was 7 times the coefficient 
below Ta in the former case and 12 times in the latter. The abrupt change in one 
direction during cooling followed by a change in the other direction during 
warming may result in considerable mechanical stress upon the structure of the 
biological material cryopreserved. Damage to biological materials the size of an 
embryo would be expected to be greatly reduced when the volume of 
cryoprotectant is very small and if vitrification solutions that do not fracture are 
used; this is evidenced by the findings of the present investigation detailed in 
subsequent chapters. The findings of Kroener and Luyet (1966a,b) demonstrate the 
factors responsible for the formation of fractures in vitrification procedures.
Compounds such as Met and Ala proved to be poor vitrification agents. Contrary to 
expectations BG and combinations of BG tend to devitrify during warming except 
when at high concentrations. Simultaneous toxicity studies (Chapter 5 of this 
report) showed BG to be extremely toxic to embryos hence from experiment 4.16 
onwards a maximum concentration of 2.5M was used in the combinations of BG 
tested. The high molecular weight polymers did not appear to reduce the Cv of 
solutions significantly. Solutions containing high molecular weight polymers were 
viscous and were cumbersome to handle.
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CHAPTER 5: TOXICITY OF CRYOPROTECTANTS AND
VITRIFICATION SOLUTIONS ON DAY-4 OUTBRED MOUSE MORULAE
5.1 Summary
The embryotoxicity of molar concentrations of six cryoprotectants, namely,
butylene glycol, dimethyl sulphoxide, ethylene glycol, glycerol, methanol and
propylene glycol, and 14 different vitrification solutions was tested on day-4
morulae from outbred Swiss mice. Morulae were exposed to each test solution for
5, 10 and 20 minutes. After exposure to cryoprotectant the embryos were placed in
1M sucrose for 10 minutes and subsequently washed in Hepes buffered Whitten's
at
medium for 5 minutes. The entire procedure was carried out/25°C. The exposed 
and unexposed control morulae were cultured in Whitten's medium and survival 
was assessed by the ability of the morulae to develop to the blastocyst stage 
overnight.
Ethylene glycol was the least toxic of the six cryoprotectants. Six molar ethylene
glycol did not have any detrimental effect on the viability of morulae even after
exposure for 20 minutes. The remaining five cryoprotectants showed varying
degrees of embryotoxicity which was affected by molarity and duration of
exposure. Butylene glycol was toxic even at 2.0M concentration to embryos
exposed for 5 minutes but was well tolerated at 1.0M for 20 minutes. Glycerol was
not toxic for short periods of five minutes even at 5.0M concentration, but exposure
of embryos for 20 minutes was toxic even at 2.0M concentration. Six molar
glycerol was highly toxic to the morulae. Toxicity of dimethyl sulphoxide was
observed at 4.0M concentration after 20 minutes and 5.0M dimethyl sulphoxide
was very toxic to the morulae. Propylene glycol was verv toxic at 4.0M
propylene glycol
concentration but not at 1.0M and 2.0M concentrations. Three moiar/was ioxic 
after. 1
/10 minutes. Methanol at 5.0M concentration was not toxic even after 20 minutes
but was toxic at 6.0M concentration after 10 minutes.
Among the 14 vitrification solutions tested, VS 14 was the least toxic, followed by 
VS11. VS14 consisted of 5.5M ethylene glycol and 1.0M sucrose, and VS11 
consisted of 1.8M glycerol and 6.0M ethylene glycol. Notably, VS 14 did not 
damage the morulae even after 30 minutes of exposure and the survival rate was 
not significantly different from control morulae. VS2 to 8 and VS 13 were toxic. 
VS1, 9, 10, 11 and 12 were not toxic to mouse morulae when exposed for 5 
minutes. Of these 5 solutions, VS11 was the least toxic.
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5.2. Introduction
Since the first report of successful cryopreservation of mammalian sperm cells 
(Polge et al., 1949), other biological materials have been cryopreserved with a 
number of cryoprotectants. Despite improvements in technology, cell and tissue 
deaths are common sequelae to cryopreservation. A better understanding of 
cryoprotectant toxicity will help to overcome cryoinjury and improve the success 
rate in freeze-thaw procedures.
Whilst considerable attention has been focussed on the positive attributes of 
cryoprotectants, much less attention has been directed to the negative aspects (Fahy 
et al. 1990). The question of cryoprotectant toxicity is particularly relevant in 
cryopreservation by vitrification, as the concentration of solutes required to achieve 
vitrification are often in excess of 40% (w/w) (Boutron,1978, 1979, 1983, 1984, 
1986; Boutron and Kaufman, 1978, 1979; Boutron, Kaufman and Van Dang, 1979, 
Boutron et al., 1982; Boutron et al., 1986). As toxicity can be expected to be 
concentration dependent it is likely that such a high concentration will cause 
harmful if not irreversible damage to the exposed embryo. Considerable evidence 
(reviewed in Chapter 1, Section 1.6.1) is now available suggesting that different 
cryoprotectants induce a variety of potentially fatal cellular and biochemical 
injuries to exposed biological material. There are however less data on the 
detrimental effects of various cryoprotectants on mammalian embryos.
The studies reviewed in Section 1.6.1 suggest that the embryo is vulnerable to 
damage by cryoprotectants. It is therefore imperative to determine the toxicity of 
various cryoprotectants and cryoprotectant combinations prior to freeze-thaw 
experiments on embryos. The present study is devoted to the determination of 
embryotoxicity of six cryoprotectants, namely: butylene glycol (BG); dimethyl 
sulphoxide (DMSO); ethylene glycol (EG); glycerol (Gly); methanol (Met); 
propylene glycol (PG), and 14 different vitrification solutions incorporating these 
cryoprotectants.
5.3. Experimental Design
Day-4 mouse morulae were recovered from superovulated Swiss Outbred (S.O.) 
mice (mated with S.O. males) as described in Chapter 2, Sections 2.2.2.1, 2.2.2.2., 
and 2.2.3.1.. Morphologically abnormal morulae were excluded from the study.
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The recovered morulae were apportioned as appropriate and exposed to 
cryoprotectant or vitrification solutions. Each molarity of a cryoprotectant and each 
vitrification solution was tested separately for 5, 10 and 20 minutes of embryo 
exposure at 25°C and a group of unexposed control embryos was included in each 
test. Cryoprotectant and vitrification solutions were in PBS with 5% FCS. 
Following exposure for the specified durations of time, the morulae were exposed 
to 1M sucrose for 10 minutes at 25°C to dilute the cryoprotectant in the morulae. 
The morulae were then placed in Hepes buffered Whitten's medium for 5 minutes 
at the same temperature. Finally the morulae were cultured in Whitten's medium 
overnight (described in Section 2.2.4.1.). The following day the number of morulae 
that survived and proceeded to the blastocyst stage were recorded. There were three 
to six treatment replicates for each molarity of cryoprotectant and for each 
vitrification solution. As there was no significant heterogeneity attributable to 
replicates they were pooled and the embryo survival rate for each time of exposure 
was compared to that for the control group by chi-squared test.
5.4. Results
5.4.1. Experiment 5.1: Toxicity of Molar Concentrations of Ethylene Glycol (EG) 
to Mouse Morulae
The results of Experiment 5.1 are given in Table 5.1 and Fig.5.1. Six and lower 
molarities of EG were not toxic to S.O. mouse morulae even after 20 minutes of 
exposure at 25°C. At 7.0M and 8.0M, EG was toxic to embryos exposed for 5 
minutes.
5.4.2. Experiment 5.2: Toxicity of Molar Concentrations of Glycerol (Gly) to 
Mouse Morulae
The results of Experiment 5.2 are given in Table 5.2 and Fig.5.2. Toxicity was 
expressed at 2.0M and 3.0M concentrations of glycerol after 20 minutes of 
exposure at 25°C; at 4.0M and 5.0M concentrations after 10 minutes of exposure, 
and at 6.0M concentration after 5 minutes of exposure. Although the 72.7% 
embryo survival obtained at 4.0M concentration after exposure for 5 minutes is 
significantly different from control values, it is considered to be erroneous due to a 
mistake during the experiment as the survival at the higher concentration of 5.0M 
concentration after 5 minutes of exposure is not significantly different from control 
values.
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Table 5.1: Toxicity of molar concentrations of ethylene glycol 
__________ on day-4 mouse morulae at 25C________________
M olarity
of
e th y le n e
g lyco l
P e rc e n ta g e  m o ru la e  t h a t  su rv iv e d  (x /n ) N u m b er
of
r e p l ic a te sD u ra tio n  of e x p o su re  (m inu l,es)
c o n tro l 5 m in s ID m in s icO m in s
5.0 96.0 98.6 89.7 97.4 6
(71/74) (72/75) (70/78) (74/76)
6.0 72.1 71.4 63.2 73.1 5
(62/86) (40/56) (36/57) (57/78)
7.0 92.9
a
61.8 32.1 2.7 3
(65/70) (42/68) (17/53) (2/74)
8.0 97.9
a
41.7 0 0 3
(46/47) (20/48) (0/49) (0/49)
n= number treated; x= number survived
a: significantly different from control values at that molarity (p<0.0001)
Fig.5.1: Survival of day-4 mouse morulae 
after exposure to ethylene glycol
Percent
survival
5 Molar
6 Molar
7 Molar
8 Molar
20 min10 min
Duration of exposure
5 min
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T ab le  5.2: T ox ic ity  of m o la r  c o n c e n tr a t io n s  of g ly c e ro l on  
d a y - 4  m o u s e  m o r u la e  a t  25C
M olarity
of
P e rc e n ta g e  m o ru la e  t h a t  su rv iv e d  ( x /n ) N u m b er
of
g ly c e ro l D u ra tio n  of e x p o s u re  (m in u te s ) r e p l ic a te s
c o n tro l  5 m in s  10 m in s  20 m in s
TT
2 .0 84 .1
(5 8 / 6 9 )
8 6 .6
(5 8 / 6 7 )
8 1 .7
(5 8 / 7 1 )
61 .8
(4 2 / 6 8 )
4
3 .0 7 2 .7
(3 2 / 4 4 )
86 .1
(3 7 / 4 3 )
6 7 .4
(2 9 / 4 3 )
5 0 .0  a 
(2 1 / 4 2 )
4
4 .0 8 7 .5
(4 2 / 4 8 )
7 2 .7  a 
(3 2 / 4 4 )
6 2 .2  c 
(2 8 / 4 5 )
15.6
(7 / 4 5 )
3
5 .0 9 6 .4
(5 3 / 5 5 )
8 9 .3
(5 0 / 5 6 )
3 5 .6  d 
(2 1 / 5 9 )
2 2 .2
(12 / 5 4 )
4
6 .0 95 .1
(3 9 / 4 1 )
2 .5
(1/ 4 0 )
0
(0 / 4 1 )
0
(0 / 4 0 )
3
n= number treated; x= number survived
Significant differences from control values at same molarity
a: p<0.05; b: p<0.01; c: p<0.005; d: pCO.OOOl
Fig.5.2: Survival of day-4 mouse morulae 
after exposure to glycerol
Percent
survival
2 Molar
3 Molar
-♦.4 Molar
5 Mol;
6 Molar
10 min5 min 20 min
Duration of exposure
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5.4.3. Toxicity of Molar Concentrations of Dimethyl Sulphoxide (DMSO) to Mouse 
Morulae
DMSO at 2.0M and 3.0M concentrations was not toxic. At 4.0M and 5.0M 
concentrations, toxicity of DMSO was expressed after 20 and 5 minutes of 
exposure respectively. Six molar DMSO was highly toxic (Table 5.3 and Fig.5.3).
5.4.4. Experiment 5.4: Toxicity of Molar Concentrations of Propylene glycol (PG) 
to Mouse Morulae
The results of Experiment 5.4 are given in Table 5.4 and Fig.5.4. Toxicity of PG 
was expressed at 3.0M and 4.0M after 10 and 5 minutes of exposure respectively.
5.4.5. Experiment 5.5: Toxicity of Molar Concentrations of Methanol (Met) to 
Mouse Morulae
The results of Experiment 5.5 are given in Table 5.5 and Fig.5.5. Toxicity of Met 
was expressed only at 6.0M concentrations after 10 minutes of exposure at 25°C.
5.4.6. Experiment 5.6: Toxicity of Molar Concentrations of Butylene Glycol (BG) 
to Mouse Morulae
The results of Experiment 5.6 are given in Table 5.6 and Fig.5.6. One molar BG 
was not toxic to mouse morulae even after 20 minutes exposure at 25°C. However 
toxicity was expressed after 5 minutes of exposure to 2.0M BG at which about 74% 
of the morulae survived the treatment. Toxicity progressively increased at 2.0M 
concentrations after 10 and 20 minutes of exposure respectively. Three molar BG 
was very toxic and almost all treated morulae were affected within 5 minutes of 
exposure.
5.4.7. Experiment 5.7: Toxicity of Vitrification Solutions (VS) 1 to 14 to Mouse 
Morulae
Results of Experiment 5.7 are given in Table 5.7 and Fig.5.7. The table also shows 
the duration of exposure at which the survival rate of morulae differed from the 
control morulae for that VS. VS 14 was the least toxic of all the VS tested ; it was 
not toxic to morulae even after 30 minutes of exposure at 25°C (data for 30
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Table 5.3: Toxicity of molar concentrations of dimethyl 
__________ sulphoxide on day-4 mouse morulae at 25C
M olarity
of
P e rc e n ta g e  m o ru la e  t h a t  su rv iv e d  (x /n ) N u m b er
of
DMSO D u ra tio n  of e x p o su re  (m in u te s ) r e p l ic a te s
c o n tro l 5 m in s 10 m m s 20 m m s
2.0 83.9
(47/56)
92.5
(49/53)
82.1
(46/56)
94.3
(50/53)
5
3.0 77.8
(42/54)
75.5
(40/53)
84.6
(34/53)
64.2
(34/53)
4
4.0 63.0
(46/73)
66.7
(48/72)
52.8
(38/72)
a
29.9
(23/77)
5
5.0 75.0
(39/52)
a
19.2
(10/52)
13.5
(7/52)
0.0
(0/52)
4
6.0 87.5
(21/24)
0.0
(0/24)
0.0
(0/24)
0.0
(0/24)
3
n= number treated; x=number survived
Significant differences from control values at same molarity
a: p<0.0001
Fig.5.3: Survival of day-4 mouse morulae 
after exposure to dimethyl sulphoxide
Percent
survival
2 Molar
3 Molar
4 Molar
40 --
20 -
6 Molar
20 Min5 Min 10 Min
Duration of exposure
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Table 5.4: Toxicity of molar concentrations of propylene glycol 
__________________ on day-4 mouse morulae at 25C__________
M o l a r i t y
of
P e rc e n ta g e  m o ru la e  t h a t  su rv iv e d  (x /n ) N u m b er
of
p ro p y le n e D u ra tio n  of e x p o su re  (m in u te s ) r e p l ic a te s
g lycol c o n tro l 5 m in s 1Ü m in s P0 m in s
1.0 83.9
(47/56)
90.6
(48/53)
92.6
(50/54)
80.4
(47/56)
5
2.0 84.5
(60/71)
91.4
(64/70)
86.2
(56/65)
75.7
(53/70)
4
3.0 82.9
(58/70)
75.6
(50/66)
a
62.9
(44/70)
62.9
(44/70)
4
4.0 88.1
(59/67)
b
26.2
(17/65)
1.5
(1/65)
0.0
(0/65)
4
5.0 89.1
(59/67)
0.0
(0/54)
0.0
(0/54)
0.0
(0/54)
3
n= number treated; x= number survived
Significant differences from control values at same molarity
a: p<0.05 bXO.OOOl
Fig.5.4: Survival of day-4 mouse morulae 
after exposure to propylene glycol
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Table 5.5: Toxicity of molar concentrations of methanol on 
_________________ day-4 mouse morulae at 25C__________
M olarity
of
P e rc e n ta g e  m o ru la e  t h a t  s u rv iv e d  (x /n ) N u m b er
of
m e th a n o l D u ra tio n  of e x p o su re  (m in u te s ) r e p l ic a te s
c o n tro l 5 m in s 1Ü m in s 20 m in s
3.0 91.8
(67/73)
84.3
(59/70)
95.8
(68/71)
88.7
(63/71)
5
4.0 75.0
(42/56)
76.8
(43/56)
75.0
(42/56)
89.3
(50/56)
4
5.0 79.4
(54/68)
78.8
(52/66)
89.2
(58/65)
71.6
(48/67)
4
6.0 98.3
(58/53)
86.2
(50/58)
a
47.4
(27/57)
0.0
(0/58)
4
n= number treated; i -  number survived 
a:significantly different from control values (p<0.000l)
Fig.5.5: Survival of day-4 mouse morulae 
after exposure to methanol
Percent
survival
Molar
5 Molar
6 Molar
Duration of exposure
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Table 5.6: Toxicity of molar concentrations of butylene 
_____________glycol on day-4 mouse morulae at 25C
M olarity
of
P e rc e n ta g e  m o ru la e  t h a t  su rv iv e d  ( x /n ) N u m b er
of
b u ty le n e D u ra tio n  of e x p o su re  (m in u te s ) re p l ic a te s
g lycol c o n tro l 5 m m s 10 m m s <50 m in s
1.0 83.6
(51/61)
80.3
(49/61)
90.2
(55/71)
84.8
(50/59)
4
2.0 89.2
(66/74)
a
74.4
(53/71)
47.2
(34/72)
41.0
(32/78)
5
3.0 94.6
(35/37)
2.7
(1/37)
0.0
(0/37)
0.0
(0/39)
4
n= number treated; x= number survived 
a: significantly different from control values
Fig.5.6: Survival of day-4 mouse morulae 
after exposure to butylene glycol
Percent
survival
100 j
1 Molar
2 Molar
3 Molar
5 min 10 min
Duration of exposure
20 min
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Table 5.7: Toxicity of vitrification solutions on day-4 mouse morulae at 25C
Vitrification
solutions
Composition
and
Percentage m orulae that survived (x/n) Number
of
replicatesmolarity Duration of Exposure (mins)
control 5 10 20
VS1
(Vitrification 
Solution no.1)
2.5M glycerol 
and
5.5M ethylene 
glycol
80.3
(49/61)
85.0
(51/60)
28.3 
(17/60) 
p<0.0001 a
8.3
(5/60)
5
VS2
3.0M methanol 
and
6.0M ethylene 
glycol
88.4
(61/69)
0
(0/75)
0
(0/79)
0
(0/79)
4
VS3
1,5M propane­
diol and 
6.0M ethylene 
glycol
89.8
(53/59)
0
(0/64)
0
(0/64)
0
(0/64)
4
VS4
2.0M propane­
diol and
5.5M ethylene 
glycol
87.1
(54/62)
0
(0/67)
0
(0/67)
0
(0/67)
4
VS5
3.5M glycerol 
and
4.5M ethylene 
glycol
80.9
(55/68)
64.2 
(43/67) 
p<0.05 a
15.6
(10/64)
0.0
(0/72)
5
VS6
3.0M glycerol 
and
3.0M propane­
diol
77.4
(41/43)
51.8 
(29/56) 
pcO.0001 a
21.2
(11/52)
7.6
(4/53)
3
VS7
3.0M ethylene 
glycol and 
4.0M dimethyl 
sulphoxide
89.2
(73/82)
10.4
(9/86)
pcO.0001 a
0
(0/86)
0
(0/86)
5
VS8
1.0M butylene 
glycol and
6.0M ethylene 
glycol
81.6
(62/76)
0
(0/75)
0
(0/75)
0
(0/75)
4
VS9
1 8M glycerol 
and
6.1M ethylene 
glycol
84.6
(55/65)
79.0
(49/62)
NS
71.9
(46/64)
NS
19.7 
(12/61) 
pcO.0001 a
4
VS10
1 5M glycerol 
and
6.5M ethylene 
glycol
84.5
(55/65)
77.4
(48/60)
NS
55.0 
(33/60) 
pcO.001 a
20.6
(13/63)
4
VS11 1,8M glycerol 
and
6.0M ethylene 
glycol
86.4
(70/81)
82.4
(70/85)
NS
74.7
(56/75)
NS
19.7 
(15/76) 
pcO.0001 a
4
VS12
1.5M glycerol 
and
6.3M ethylene 
glycol
98.3
(57/58)
81.0 
(47/58) 
p<0.01 a
55.2
(32/58)
17.2
(10/58)
3
VS13 8.0M
ethylene
glycol
97.9
(46/47)
41.7 
(20/48) 
p<0.0001 a
0
(0/49)
0
(0/47)
3
VS14
5.5M ethylene 
glycol and 
1,0M sucrose
96.2
(25/26)
100
(26/26)
100
(26/26)
92.3 
(24/26) 
NS a
3
n=number treated; x=number survived 
a; compared to controls for the same VS
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minutes not shown in Table 5.7; 87.5% survived under this condition); VS 9 and 
VS 11 were toxic after 20 minutes; VS 1 and VS 10 after 10 minutes; VS 2, VS 3, 
VS 4, VS 5, VS 6, VS 7, VS 8, VS 12 and VS 13 after 5 minutes. Of the last group, 
VS 2, VS 3, VS 4 and VS 8 were highly toxic with no embryos surviving after 5 
minutes exposure.
5.5. Discussion
F| morulae were not employed in the present investigation to determine the 
toxicity of cryoprotectants. F j morulae are more robust than the morulae of outbred 
mice and may not provide as sensitive an assay of the toxicity of the various 
cryoprotectants.
It is apparent that EG is the least toxic of the six cryoprotectants tested. Mouse 
morulae appear to tolerate very high molarities of EG in the order of 6.0M for 20 
minutes at 25°C without loss of viability. Under similar conditions all the other 
five cryoprotectants were toxic to the morulae.
The toxicity of EG was evident at 7.0M concentrations. About 61% of the exposed 
morulae survived five minutes of exposure, thereafter the intensity of toxicity 
progressively increased. EG was reported to affect RNA polymerase (Brody and 
Leauty, 1973), impair ribosomal subunits (Fox et al., 1978), DNA-nucleosome 
binding by 1.0M EG at 25°C (Schwartz and Fasman, 1979) and have a number of 
other effects (described in section 1.6.1.). In the mouse embryo, it is reasonable to 
conclude that the damage by EG is minimal at 6.0M and lower concentrations.
The hypothesis on cryoprotectant toxicity proposed by Arakawa et al. (1990) 
suggests that the preferential exclusion of cryoprotectants results in stabilization of 
the protein, whereas preferential binding can result in protein denaturation. EG was 
found to be excluded from the hydration shell of proteins at low temperatures, and 
this leads to stabilization. At higher temperatures however, EG interacts 
hydrophobically with proteins thereby denaturing or destabilizing them. The 
present study suggests that if denaturation or destabilization occurs due to exposure 
to EG at 25°C in the mouse morulae, it may well occur at concentrations of EG of 
7.0M and above, and at lower concentrations, following periods of exposure 
extending beyond 30 minutes. It is unlikely any method of embryo 
cryopreservation will require such lengthy exposures or the need to utilize very 
high concentrations of EG.
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Glycerol is one of the most common and the first cryoprotectant employed for 
freezing sperm cells (Polge et al., 1949). The present investigation suggests that 
glycerol can be toxic to embryos when they are exposed for long periods of time at 
25°C. Exposure for 5 minutes to 5.0M concentration does little harm to mouse 
morulae. Longer exposures, however, can be detrimental to the survival of the 
morulae even at lower concentrations such as exposure for 20 minutes at 2.0M and 
3.0M, or for 10 minutes at 4.0M and 5.0M. This could be due to the induction of 
biochemical effects by Gly such as cell fusion (Ahkong et al. 1975),
phosphorylation of Gly (Burch et al., 1970; Jans and Willem, 1988; Sestoft and
Floron, 1975; Sestoft et al. 1977) and a vast variety of other effects described in 
section 1.6.1. The lower viability (73%) of the morulae seen after exposure to 4.0M 
Gly after 5 minutes could be due to an error during the experiment, as the morulae 
exposed to 5.0M Gly for 5 minutes were not affected significantly with the 
majority (89%) surviving the treatment. Gly becomes highly toxic to morulae at 
6.0M concentrations.
Met was less toxic than all other cryoprotectants tested with the exception of EG. 
Six molar Met was well tolerated by the morulae for five minutes, but by 10 
minutes more than 50% of the exposed morulae died. Met was first used as 
cryoprotectant by Rail et al. (1984).
Contrary to expectations, BG, which was suggested to be less toxic than most 
cryoprotectants (Boutron, 1990) was very toxic to mouse morulae. The BG solution 
was a racemic mixture of the dextro-, levo- and meso-isomers of butylene glycol. 
The proportion of the individual isomer in the mixture and their individual toxicity 
on mouse morulae is not known. Toxicity (i.e. of the racemic mixture) was evident 
even at 2.0M concentration of BG after 5 minutes of exposure. Only 1.0M BG 
appears to be well tolerated by the morulae.
The commonly used cryoprotectant, PG, is also fairly toxic to mouse morulae. 
Toxicity of PG was evident even at 3.0M concentration after 10 minutes of 
exposure and became progressively more toxic with increasing concentration. At 
4.0M concentration only 26% of morulae exposed for 5 minutes survived the 
treatment, and exposures of 10 minutes and beyond was highly toxic to mouse 
morulae. At 5.0M PG none of the exposed morulae survived irrespective of 
exposure duration. PG has been implicated in a number of cellular and biochemical
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toxicities such as alteration of the meiotic spindle and polymerization of tubulin 
(Renard and Pruliere, 1988; Van der Elst et al., 1988); alterations in the actin 
interactions (Nguyen et al., 1988; Renard and Pruliere, 1988; Vincent et al., 1987), 
alterations in membrane integrity and intracellular pH (Damien et al, 1989, 1990) 
and other effects described in section 1.6.1.
DMSO, another common cryoprotectant is toxic to morulae at 5.0M concentration 
after 5 minutes of exposure with only 19% of the exposed morulae proceeding to 
the blastocyst stage. DMSO is not toxic at concentrations of 4.0M and below. Six 
molar DMSO was very toxic and even after five minutes of exposure all exposed 
morulae died. Numerous studies have been conducted on DMSO and some of the 
effects or possible damages attributed to it are chromosomal damage (Fulton and 
Bond, 1984; Shaw et al., 1991), cysteine crosslinkage to form cystine (Snow et al., 
1975), lysis of plasma membranes (De Bruijne and Van Steveninck, 1969), affects 
on membrane tranport and protein synthesis (De Loecker et al.,1991).
Many workers have overcome the toxic effect of cryoprotectants by decreasing the 
exposure temperature considerably (Ishimori, Takahashi and Kanagawa, 1992; 
Isachenko, Ostashko and Isachenko, 1992; Cseh, Horlacher, Brem, Seregi and 
Solti, 1992). The present investigation aimed at eliminating the need to reduce the 
temperature during exposure to cryoprotectant or equilibration because such 
procedures may require cooling apparatuses for the precise control of exposure 
temperatures. Reduction in the temperature of exposure was only one of the four 
strategies suggested by Rail (1987) for reducing cryoprotectant toxicity. The other 
three were, i) reduction in concentration of cryoprotectant, ii) reduction in total 
exposure time and, iii) using cryoprotectants of low embryotoxicity.
In the preceding chapter (Chapter 4) a number of cryoprotectant combinations that 
vitrified during ultra rapid cooling to -196°C and did not crystallize during thawing 
to 25°C were identified. Mixtures of cryoprotectants generally have lower 
vitrification concentration (Cv) (Fahy et al. 1987) than single cryoprotectants and 
hence toxicity might be expected to be lower as well. The results of vitrification 
tests described in Chapter 4 and of the embryotoxicity studies of the six 
cryoprotectants described here were used to formulate eight vitrification solutions 
(VS 1 to VS 8) anticipated to be of low toxicity.
Toxicity studies performed on VS1 to 8 revealed that toxicity of cryoprotectants 
can be additive when used in combination. Therefore the combined use of two or
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more concentrations of different cryoprotectants which are not toxic singly, may be 
highly toxic when combined. The high concentration contributed by the two 
cryoprotectants in such combined solutions is responsible for the embryotoxicity. 
VS2, 3, 4 and 8 proved to be very toxic although their individual constituents were 
not toxic. For instance, VS2 consists of 3.0M Met and 6.0M EG, both of which are 
not embryotoxic even when embryos were exposed for 20 minutes, but become 
very toxic when combined so that none of the exposed embryos survived after 5 
minutes of exposure. The same is true for VS3, 4, and 8, and VS5 and 6 which are 
marginally toxic. VS7 was also very toxic.
Of the 8 VS tested initially only VS1 proved non-toxic during the first 5 minutes of 
exposure. VS2 to 8 were excluded from subsequent investigations. VS1 was found 
to be a good vitrification agent for mouse morulae, early blastocysts and 
blastocysts during simultaneous freeze-thaw experiments with almost no loss of 
viability post-thaw (described in Chapter 7) but was found to be toxic to sheep 
embryos (described in Chapter 8). VS1 consisted of 2.5M Gly and 5.5M EG. From 
previous studies on the toxicity of individual cryoprotectants it is clear that EG is 
the least toxic of the two chemical agents. To reduce the toxicity of VS1, it was 
modified to contain less Gly and more EG without losing its ability to vitrify 
during ultra-rapid cooling and thawing. Thus VS9 (1.8M Gly and 6.1M EG), VS 10 
(1.5M Gly and 6.5M EG), VS11 (1.8M Gly and 6.0M EG), and VS12 (1.5M Gly 
and 6.3M EG) were derivatives of VS1. Of these four derivatives of VS 1, VS 11 
was the least toxic and it was well tolerated by sheep embryos as well (Chapter 8).
VS 13 was introduced in an attempt to further simplify the procedure. VS 13 
consisted of only one cryoprotectant, that is, 8.0M EG and is capable of 
vitrification both during cooling and thawing. It however proved to be quite toxic 
and was excluded from further investigations.
During the course of toxicity, freeze-thaw and other simultaneous experiments it 
became increasingly obvious that the single most important criterion for high 
survival in vitrification procedures is dehydration of the embryo. Prior to freezing 
adequate dehydration was thought to enhance the technique with better post-thaw 
survival. Dehydration can be induced by a non-permeable agent such as sucrose or 
high molecular weight polymers like dextran and Ficoll. The findings of the 
experiments in Chapter 4 and that of other workers (Luyet and Rasmussen, 1968; 
Rasmussen and Luyet, 1970) suggests the high molecular weight polymers to be 
poor vitrification agents and in addition they are very viscous and therefore quite
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difficult to work with. Sucrose is routinely used in embryo freeze-thaw procedures 
and is known to be well-tolerated by the embryo at room temperature (Szell and 
Shelton, 1986a). VS 14 was thus formulated consisting of 5.5M EG and 1.0M 
sucrose. It is capable of vitrifying during ultrarapid cooling and remained vitrified 
during ultrarapid thawing. With VS 14 it was possible to reduce the chemical 
toxicity of the VS considerably as it consisted of only one permeating agent, 5.5M 
EG which is not toxic to embryos even after an exposure duration of 30 minutes. 
The proportion of morulae that survived exposure to VS 14 for 30 minutes was 
statistically not different from the unexposed control values. Although VS 11 is 
well tolerated by the embryo when exposed for periods of 10 minutes or less, it 
becomes toxic with longer exposure durations. In this regard it is inferior to VS 14.
The actual mechanism of toxicity expression on mouse morulae was not 
investigated. It is speculated that in cryoprotectant solutions of low concentrations 
which are detrimental to the survival of embryos the toxicity is probably chemical 
in nature. While in solutions of higher concentrations it is plausible to assume 
toxicity to be both by osmotic stress and or chemical denaturation.
Based on the findings of this study it appears reasonable to conclude that EG is the 
least toxic of the known permeable cryoprotectants, followed in order of low to 
high toxicity by Met, DMSO, Gly, PG and BG. In general most methods of embryo 
cryopreservation by vitrification do not involve lengthy exposures to 
cryoprotectants prior to freezing or after thawing. It is therefore plausible that the 
degree of embryonic cellular or biochemical damage caused by the less toxic 
cryoprotectants may not be severe when the duration is very short.
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CHAPTER 6: SURVIVAL OF MOUSE AND SHEEP EMBRYOS EXPOSED 
TO VS11 WITH AND WITHOUT SUCROSE DILUTION
6.1 Summary
The toxicity of VS 11 to some preimplantation stages of mouse embryos and sheep 
morulae with and without sucrose dilution (i.e. direct dilution in medium) was 
investigated. Exposure of mouse early blastocysts to VS 11 for 5 minutes was not 
harmful, but exposure for 10 minutes was harmful when the VS 11 was diluted from 
the embryos with sucrose. Blastocysts were affected by 5 minutes exposure. 
Sucrose dilution of VS 11 was not necessary when mouse day-4 blastocysts, early 
blastocysts and morulae were exposed to VS 11 for 1, 2, and 3 minutes respectively; 
dilution directly in medium did not damage these day-4 embryos.
VS11 was found to be highly toxic to sheep uncompacted morulae but not to sheep 
compacted morulae. Sucrose dilution was not beneficial to compacted morulae 
exposed to VS 11 for 5 minutes but was essential for survival after longer exposure.
The higher tolerance shown by both mouse and sheep compacted morulae was 
thought to be related to the formation of the trophectoderm during compaction. 
Tolerance to VS 11 is gradually reduced with increase in exposure duration and 
advancing stage of development of day-4 mouse embryos.
One-cell mouse embryos survived exposure to VS 11 for 1 minute with or without 
sucrose dilution. Exposures for 5 minutes and longer were highly toxic to l-cell 
mouse embryos with or without sucrose dilution. VS 11 was highly toxic to 2-cell 
embryos and survival was affected within 1 minute of exposure. Eight-cell embryos 
tolerate 1 minute exposure to VS 11 with or without sucrose dilution. After 5 
minutes of exposure 8-cell embryos diluted directly in medium without sucrose 
showed significantly higher survival compared to those that were diluted with 
sucrose. However after 10 minutes of exposure sucrose dilution appears to be 
beneficial to the survival of the 8-cell embryos in contrast to those that were diluted 
directly in medium without sucrose dilution.
In conclusion sucrose dilution is not required for survival of embryos in vitro when 
exposed to VS11 for short durations of 1 to 3 minutes but is essential for survival 
when exposed longer. The present study also showed that dextran 70 can be a 
substitute for sucrose as a diluent of cryoprotectant in embryos.
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6.2 Introduction
In the preceding chapter, the toxicity to mouse morulae of various cryoprotectants 
and vitrification solutions (VS) was investigated. VS 11 was the least toxic of all 
VS tested prior to the development of VS 14. Thus considerable efforts were made 
to examine VS 11 in greater detail as a potential vitrification solution for the 
cryopreservation of mouse and sheep embryos.
The toxic effects of cryoprotectants on embryos (reviewed in Chapter 1, section 
1.6.1. and in the preceding chapter) include the osmotic stress imposed during 
removal or dilution of the cryoprotectant. The role of sucrose as a diluent of 
cryoprotectant is well documented (reviewed in Chapter 1, section 1.5.3.). A step­
wise cryoprotectant removal with decreasing concentrations of sucrose to curb 
osmotic shock in embryos is frequently advocated. However the effectiveness of 
one-step sucrose dilution was demonstrated by Renard et al. (1981) and has been 
adopted by many workers. The concentrations of sucrose normally employed for 
cryoprotectant removal have been shown to be non-toxic to embryos (Szell and 
Shelton, 1986a).
In conventional cryopreservation procedures which require equilibration with 
cryoprotectant the role of sucrose dilution is obvious. In methods of 
cryopreservation by vitrification the duration of exposure to the cryoprotectant 
prior to freezing is normally not more than a few minutes. The question that arises 
is whether the vitrification solution has penetrated the embryo in quantities 
sufficient to warrant sucrose dilution.
The aim of the investigation described here was to determine the survival of mouse 
embryos and sheep morulae after exposure to VS 11 which was subsequently 
diluted with or without sucrose.
6.3 Experimental Design
Swiss outbred (S.O.) mouse and sheep embryos were generated and recovered as 
described in Chapter 2, sections 2.2.2.1., 2.2.2.3., 2.2.3.1. and 2.2.3.2. 
Morphologically atypical or abnormal embryos were excluded from the study. The 
recovered embryos were apportioned as appropriate for individual experiments. All 
procedures were performed at 25°C as described in section 2.2.4.1, paragraph 2.
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Sucrose dilution was performed by the one-step method with 1M sucrose. The 
viability of treated and control mouse and sheep embryos was determined by their 
survival in culture by procedures as described in sections 2.2.4.1. and 2.2.4.2. 
respectively. The survival of the test group was compared with that of the 
respective control group by chi-squared tests or Fisher's Exact Test (2-tailed).
6.3.1. Experiments 6.1a and 6.1b: Toxicity of VS 11 to S.O. Mouse Early 
Blastocysts and Blastocysts at 25°C
The mouse early blastocysts and blastocysts were treated as described in Chapter 5, 
section 5.3.
6.3.2. Experiments 6.2a, 6.2b and 6.2c: Survival of Day-4 Mouse Embryos after 
Exposure to VS11 and Dilution with and without Sucrose at 25°C
Day-4 mouse embryos (morulae, early blastocysts and blastocysts) were exposed to 
VS 11 (for 3, 2, or 1 minutes respectively) which was diluted with 1M sucrose as 
described in section 5.3 or directly with HWM (Hepes buffered Whitten's medium). 
The embryos were then cultured in WM overnight and the survival of embryos was 
recorded.
6.3.3. Experiments 6.3a, 6.3b and 6.3c: Toxicity of VS11 to Earlier Developmental 
Stages of Mouse Embryos with and without Sucrose Dilution at 25°C
The 1-cell, 2-cell and 8-cell mouse embryos were exposed to VS 11 for 1,5, 10 and 
20 minutes. VS11 was diluted from the embryos by treatment with 1M sucrose for 
10 minutes followed by 5 minutes in HWM, or by directly diluting in medium. 
Treated and control embryos were cultured to the blastocyst stage in WM.
6.3.4. Experiments 6.4a and 6.4b: Toxicity of VS 11 to Sheep Compacted and 
Uncompacted Morulae with and without Sucrose Dilution at 25°C.
The compacted and uncompacted morulae were treated as separate groups.
The experimental design for the compacted morulae was identical to that described 
in section 6.3.3. with minor differences. The exposure durations to VS 11 were 3, 5, 
10, 15 and 20 minutes. The media employed for handling and culture of sheep 
morulae were Hepes buffered SOF (HSOF) and SOF media described in section
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2.1.2.2.. The uncompacted sheep morulae were similarly treated but all dilution of 
VS11 from the embryos was with sucrose. Treated embryos were cultured for 24 to 
36 hours.
6.3.5. Experiment 6.5: Survival of Day-4 Swiss Outbred Mouse Morulae Exposed 
for Three Minutes to VS11 and Diluted with Various Concentrations of Dextran 70 
(m.w. 70,000) at 25°C.
Day-4 mouse morulae were exposed for 3 minutes to VS11 which was then diluted 
by treatment for 10 minutes with 20%, 30%, or 40% dextran 70 (in PBS containing 
5% FCS). The morulae were then placed in HWM for 5 minutes and finally 
cultured overnight as described in section 2.2.4.1.
6.4 Results
6.4.1. Experiments 6.1a. and 6.1b: Toxicity of VS 11 to Mouse Early Blastocysts 
and Blastocysts at 25°C
The results of Experiments 6.1a and 6.1b are given in Table 6.1. The survival of 
mouse early blastocysts was not affected by 5 minutes of exposure to VS 11 but was 
affected within 10 minutes of exposure. The mouse blastocysts were marginally but 
significantly (p<0.05) affected by 5 minutes of exposure to VS11.
6.4.2. Experiments 6.2a, 6.2b and 6.2c: Survival of Day-4 Embryos Exposed for 1 
to 3 Minutes to VS 11 with and without Sucrose Dilution at 25°C
The results of Experiments 6.2a, 6.2b and 6.2c are given in Table 6.2. The survival 
of day-4 mouse embryos exposed for 1 to 3 minutes to VS 11 which was 
subsequently diluted with and without sucrose was statistically identical to that of 
control embryos for all stages of development.
6.4.3. Experiments 6.3a, 6.3b and 6.3c: Toxicity of VS 11 to Earlier Developmental 
Stages of Mouse Embryos with and without Sucrose Dilution
The results of Experiments 6.3a, 6.3b and 6.3c are given in Table 6.3. The survival 
of 1-cell embryos exposed to VS 11 for one minute was not affected when the VS11 
was diluted with or without sucrose. None of the 1-cell embryos exposed beyond 1
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Table 6.1: Toxicity of vitrification solution 11 on day-4 mouse embryos at 25C
Stage of 
developm en t 
(E x p erim en t No.)
P e rc en tag e  of em bryos th a t  surv ived  (x /n ) N um ber
of
rep lica te sD ura tion  of E xposure (m ins)
c o n tro l 5 10 20
E arly  b la s to c y sts  
(E x p erim en t No.6 .la )
p*
100.0
(4 4 /4 4 )
93.0
(4 0 /4 3 )
NS
76.7
(3 3 /4 3 )
<0.01
2.3
(1 /4 3 )
4
B lastocysts 
(E x p erim en t No.6. lb )  
P
100.0
(4 0 /4 0 )
82.9
(3 4 /4 1 )
<0.05
68.3
(2 8 /4 1 )
15
(6 /4 0 )
3
n=number treated; x=number survived
p*: compared to controls for the sam e stage of development
Table 6.2: Survival of day-4 mouse embryos exposed for one to three 
minutes to vitrification solution 11 with and without sucrose dilution at 25C
P e rc en tag e  of em bryos th a t  surv ived  (x /n )
S tage of U nexposed W ithout ** With D ura tion  of N um ber
d evelopm en t co n tro ls su c ro se su c ro se exp o su re  to of
(E x p erim en t No.) d ilu tio n d ilu tio n VS 11 (m ins) rep lic a te s
B las tocysts 100.0 100.0 100.0 1 3
(E x p erim en t No. 6.2a) (4 7 /4 7 ) (4 7 /4 7 ) (4 7 /4 7 )
P* NS NS
E arly  b la s to c y s ts 100.0 100.0 100.0 2 6
(E x p erim en t No. 6.2b) (6 8 /6 8 ) (6 7 /6 7 ) (6 7 /6 7 )
P NS NS
C om pacted  m o ru lae 94.7 93.0 94.6 3 7
(E x p erim en t No.6.2c) (5 4 /5 7 ) (5 3 /5 7 ) (5 3 /5 6 )
P NS NS
n=number treated; x=number survived
P*: compared to controls for the sam e stage of development
** Dilution with 1M sucrose for 10 minutes at 25C
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Table 6.4a: Toxicity of vitrification solution 11 to Sheep compacted 
morulae with and without sucrose dilution at 25C
Dilution Percentage embryos that survived (x/n) Number of
technique Duration of exposure to VS 11 (minutes) replicates
Controls 3 5 10 15 20
Without
sucrose
P*
84.6
(H/13)
100.0
(11/11)
NS
87.5
(7/8)
NS
18.2
(2/11)
<0.01
25.0
(2/8)
<0.05
0
(0/10)
3
With 61.5 81.8 60.0 81.8 60.0 40.0 3
sucrose
P
(8/13) (9/11)
NS
(3/5)
NS
(9/11)
NS
(3/5)
NS
(4/10)
NS
Table 6.4b: Toxicity of vitrification solution 11 to Sheep uncompacted 
morulae with sucrose dilution at 25C
Description Percentage embryos that survived (x/n) Number of
Duration of exposure to VS 11 (minutes) replicates
Controls 3 5 10 15 20
With sucrose 
dilution
100.0
(3/3)
0
(0/3)
0
(0/3)
0
(0/3)
0
(0/3)
0
(0/3)
1
Table 6.5: Survival of mouse morulae exposed for 
three minutes to VS 11 which was diluted with 
various concentrations of dextran 70 at 25C
Percentage embryos that survived (x/n) Number of
replicates
Controls 20% 30% 40%
87.5 55.60% 87.5 87.5 1
(7/8) (5/9) (7/8) (7/8)
P* NS NS NS
For all tables: n = number of embryos treated; x= number of embryos survived
p*= compared to controls of the same group 
Statistical analysis performed by 2-tailed Fisher's Exact Test
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minute survived when the VS 11 was diluted without sucrose and only 2 of 33 
survived when VS11 was diluted with sucrose.
The survival of 2-cell embryos was affected even after exposure to VS 11 for 1 
minute when the VS 11 was diluted with or without sucrose.
Survival of 8-cell embryos was not affected by exposure to VS 11 for 1 minute 
regardless of the method of VS 11 dilution. Embryos exposed for 5 minutes were 
not affected when dilution was in medium without sucrose. In contrast survival was 
affected by 5 minutes exposure to VS 11 when it was diluted with sucrose.
6.4.4. Experiments 6.4a and 6.4b: Toxicity of VS 11 to Sheep Compacted and 
Uncompacted Morulae with and without Sucrose Dilution at 25°C
The results of Experiments 6.4a and 6.4b are given in Tables 6.4a and 6.4b. 
Survival of sheep compacted morulae was not affected when sucrose was used to 
dilute VS 11 from the embryos even after 20 minutes of exposure to VS11 (Table 
6.4a). However, when dilution was in medium without sucrose compacted morulae 
were affected by 10 minutes exposure to VS 11.
When sheep uncompacted morulae were exposed to VS 11, none survived after 
dilution of VS 11 with sucrose (Table 6.4b).
6.4.5. Experiment 6.5: Survival of Day-4 Mouse Morulae Exposed for Three 
Minutes to VS11 which was Diluted with 20%, 30%, and 40% Dextran 70 at25°C.
The results of Experiment 6.5 are given in Table 6.5. The survival of mouse 
morulae was not affected by exposure to VS 11 for 3 minutes followed by 10 
minutes in 20%, 30% or 40% dextran 70.
6.5. Discussion
Clearly, because of the vastly different rates of permeation of water and 
cryoprotectant, embryos are subjected to osmotic stress during both the addition 
and removal of cryoprotectant. Furthermore the swelling that occurs during dilution 
of cryoprotectant is considered to be potentially more damaging than the shrinkage 
that occurs during addition. Thus any simplification of the freeze-thaw process 
must include consideration of the dilution procedure. The non-permeating sucrose
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has been used with marked success to remove cryoprotectant from embryos prior to 
their return to physiological medium. The necessity for this depends upon the 
concentration of cryoprotectant in the cells and the rate at which the particular 
cryoprotectant permeates the cell membrane compared to water. Thus Voelkel and 
Hu (1992) showed that when cattle embryos were frozen by conventional 
procedures after permeation with the rapidly permeating ethylene glycol (Szell et 
al., 1989) at a concentration of 1.5M, good post-thaw survival resulted from 
transferring them directly to physiological medium.
In the experiments described here, the viability of embryos after exposure to VS11 
and dilution of the VS 11 with or without sucrose may be explained in terms of the 
intracellular concentration of cryoprotectant. Obviously this is dependent upon the 
duration of exposure to VS 11, and the data presented generally show a trend to 
reduced survival with increasing duration of exposure. However there is a very 
marked difference between embryos (mouse and sheep) of different developmental 
stages. An experiment described earlier (Chapter 5) showed that VS 11 is toxic to 
mouse morulae after 20 minutes. In experiments 6.1a and b described above early 
blastocysts were affected after 10 minutes and blastocysts after 5 minutes exposure. 
Thus morulae are the most resistant to VS 11 followed by early blastocysts and 
blastocysts. It is clear also that the sheep morula is more tolerant after compaction. 
A superficial explanation is that embryos (or embryonic cells) have differing 
tolerance to the cryoprotectant at different stages of development. An alternate 
explanation is that the concentration of cryoprotectant attained in the cells differs at 
different stages of development. There is evidence of different permeabilities at 
different stages of development (reviewed in section 1.6.3); but there may be other 
contributory factors such as the morphological arrangement of the embryonic cells 
so that some cells suffer less exposure to the cryoprotectant.
At compaction there is the assignment of blastomeres to "outer" and "inner" 
positions with the former destined to become trophectoderm and the latter, inner 
cell mass. Compaction is accompanied by the formation of tight junctions uniting 
the apical ends of the outer blastomeres (Ducibella, Aibertini, Anderson and 
Biggers, 1975). Ultras true tural studies (Mintz, 1965; Ducibella and Anderson, 
1975) suggest that these tight junctions form a permeability seal which isolates the 
inner blastomeres and potential intercellular spaces from the extraembryonic milieu 
before cavitation begins. The trophectoderm may function as a protective 
membrane and limit the influx of cryoprotectants. Immediately after exposure 
water leaves the cells and cryoprotectant commences to enter, but at a much slower
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rate. Thus it is plausible that during a brief period of exposure many of the 
blastomeres within a compacted morula may be permeated by little or no 
cryoprotectant. This would explain the high tolerance of compacted morulae to 
cryoprotectant addition and dilution.
With cavitation, differentiation of the inner blastomeres to the inner cell mass 
occurs and the trophectoderm gradually becomes thinner as the blastocoel expands. 
This may have a bearing on the lowered viability of blastocysts exposed to 
cryoprotectants. The early blastocyst which has a small blastocoel may have a 
number of blastomeres that are not in direct contact with permeating cryoprotectant 
and are thus better protected than in the blastocyst. Therefore tolerance to 
cryoprotectant appears to be inversely related to the size of the developing 
blastocoel in the day-4 mouse embryos. The protective effect of the trophectoderm 
may have diminished due to thinning. In addition differentiation of the inner 
blastomeres to inner cell mass may have resulted in increased sensitivity to the 
cryoprotectant or with the expansion of the blastocoel, the inner cell mass gradually 
becomes more accessible to damage by the permeating cryoprotectant that has 
accumulated in the blastocoel cavity. These suggestions are speculative and are 
difficult to reconcile with Mazur's (1976) suggestion that the embryo behaves as a 
single osmotic unit. However the effect of developmental stage on embryo 
"freezability" may be explained by the presence within the embryo of more than 
one osmotic unit related to the position of the cells and their permeability. An 
apparent enigma in this hypothesis is survival of frozen cells that have little 
intracellular cryoprotectant. A possible explanation is that their degree of 
dehydration (Chapter 9) is such that the solute concentration is high enough to 
permit intracellular vitrification.
Simultaneous freeze-thaw experiments (Chapter 7) on day-4 mouse embryos have 
shown that to obtain good viability morulae, early blastocysts and blastocysts need 
not be exposed to VS 11 for more than 3, 2, and 1 minutes respectively prior to 
freezing. Therefore sucrose dilution studies in these developmental stages of the 
mouse embryo were performed after exposure to VS 11 for 1 to 3 minutes. When 
day-4 embryos are exposed for 1 to 3 minutes to VS 11 the need for sucrose dilution 
of cryoprotectant is unnecessary. This finding also suggests that the amount of 
cryoprotectant that may have permeated the blastomeres during the exposure for 1 
to 3 minutes was not great.
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The present findings show that VS 11 is highly toxic to 1-cell mouse embryos 
when exposed for 5 minutes or longer with or without sucrose dilution. Survival 
was not significantly affected when exposed for 1 minute with or without sucrose 
dilution. Sucrose dilution does not appear to increase the rate of survival of 1-cell 
mouse embryos.
The survival of 2-cell embryos exposed to VS 11 is very poor suggesting that the 
VS11 is very toxic to the mouse embryo at the 2-cell stage. Findings of freeze-thaw 
experiments (Chapter 7) have also shown that 2-cell mouse embryos are highly 
vulnerable to irreversible damage by VS 11. It is not known whether the 
vulnerability of the 2-cell mouse embryo is related to changes in metabolism and/or 
activation of the embryonic genome which occur at this stage.
The survival of 8-cell mouse embryos was not affected after exposure to VS 11 for 
1 minute with or without sucrose dilution. After 5 minutes of exposure the 8-cell 
embryos from which VS11 was diluted with sucrose were significantly affected but 
the effect was marginal as about 77% were unaffected. Those in which dilution was 
without sucrose were not affected. This suggests that the continuous and combined 
osmotic effects placed upon the 8-cell embryo by the VS 11 which is a highly 
concentrated solution (7.8M) and 1M sucrose, totalling 15 minutes of osmotic 
stress, is detrimental to the 8-cell embryo. After 10 minutes of exposure, the 
survival of 8-cell embryos diluted with sucrose was significantly higher than those 
diluted directly in medium without sucrose. The rapid influx of water and the 
significantly slower efflux of permeated cryoprotectants could have resulted in 
damage of blastomeres and consequently death of most of the embryos diluted 
without sucrose. Sucrose dilution is therefore beneficial and can prevent death of 
embryos equilibrated with cryoprotectants for extended periods of time.
Dextran 70 is a high molecular weight, non-permeating and inert polymer. It was 
well tolerated by mouse morulae at 30% and 40% concentrations. At these 
concentrations dextran 70 can be a substitute to sucrose as a diluent of 
cryoprotectant. The disadvantage of dextran is its high viscosity which makes 
pipetting and handling embryos difficult.
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CHAPTER 7: VITRIFICATION OF ALL PREIMPLANTATION STAGES
OF THE MOUSE EMBRYO
7.1 Summary
The aim of the experiments described here was to investigate methods of 
cryopreservation by vitrification for all developmental stages of preimplantation 
Swiss outbred (S.O.) embryos and 1-cell Fj embryos. The experiments were 
designed to enable all preparative work to be done at room temperature. Three 
vitrification solutions (VS) were tested, namely VS1 (5.5M ethylene glycol and 
2.5M glycerol), VS11 (6.0M ethylene glycol and 1.8M glycerol) and VS 14 (5.5M 
ethylene glycol and 1M sucrose). To ascertain toxicity and vitrification effects of 
VS, embryos were exposed for 1 to 3 minutes with or without subsequent 
vitrification. Post-exposure and post-thaw the embryos were cultured in vitro to the 
blastocyst stage to assess viability. With a few exceptions failure to achieve good 
survival after vitrification was related to demonstrated toxicity of the VS. All three 
VS resulted in good post-thaw viability of vitrified S.O. day-4 embryos (morulae, 
early blastocysts and blastocysts) and vitrification with VS 14 resulted in no loss of 
viability in all preimplantation stage embryos (including 1-cell Fj embryos) except 
1-cell S.O. embryos. VS1 was toxic to embryos at and earlier than the 8-cell stage, 
while VS11 was toxic to 4-cell and earlier stages.
VS 14 was the most effective and least toxic VS. The toxicity of VS1 and VS 11 
was thought to be related directly to the amount of glycerol present in them. The 
minimal equilibration time essential for successful vitrification of embryos 
suggests that concentration of the intracellular solutes by dehydration has a major 
role in establishing conditions conducive to intracellular vitrification.
In vitro studies suggested that sucrose dilution was not necessary in the removal of 
cryoprotectant from vitrified 8-cell and day-4 mouse embryos but in contrast in 
vivo development of vitrified day-4 embryos was better when the VS was diluted 
with sucrose. When VS11 was diluted from vitrified embryos with sucrose the total 
implantations in vivo were greater than obtained from untreated embryos. When 
VS1 or VS 11 was diluted from vitrified embryos with sucrose the number of live 
foetuses obtained after transfer to surrogates did not differ from the number 
obtained from untreated embryos. Vitrification was not teratogenic, and all mice 
developed from vitrified embryos appeared normal and later reproduced normally
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themselves. The present study has demonstrated that vitrification can be routinely 
employed to cryopreserve mouse embryos with no loss of viability.
7.2. Introduction
The main objective of cryopreservation by vitrification is to eliminate the need for 
controlled-rate freezing. The biophysical principles of vitrification and 
development of procedures of embryo cryopreservation by vitrification have been 
reviewed in Chapter 1, sections 1.4 and 1.5 respectively. The development of new 
vitrification solutions and investigations to determine their toxicity have been 
described in Chapter 5.
The high concentration of cryoprotectant required for vitrification is often 
embryotoxic and is the limiting factor in achieving high survival of vitrified 
embryos. Rail (1987) suggested that the toxic effects of the high concentrations of 
cryoprotectants in vitrification solutions can be overcome by reducing the 
temperature of exposure. Such a strategy has been advocated by a number of 
workers but this introduces the need for cooling apparatuses. Most of the research 
efforts on vitrification of mammalian preimplantation embryos have been focussed 
on later developmental stages.
The aim of the research described in this chapter was to develop a method of 
cryopreservation by vitrification which can be performed at room temperature for 
all developmental stages of the preimplantation mouse embryo with minimal or no 
loss of viability. To this end three of the most promising vitrification solutions 
developed, namely, VS1 VS 11 and VS 14 (Chapter 5) were compared. The 
efficacy of the three vitrification solutions was tested by in vitro tests of viability of 
vitrified embryos of all preimplantation stages and in vivo assessment of the 
viability of vitrified day-4 embryos. In vitro and in vivo experiments were also 
performed to determine the need for sucrose dilution of vitrification solution from 
embryos post-thaw.
7.3. Experimental Design
Mouse embryos of all developmental stages were obtained without superovulation 
as described in Chapter 2, section 2.2.3.1.. One-cell embryos were recovered 16 to 
18 hours post-coitum. This was done to eliminate hyaluronidase treatment for the 
removal of cumulus cells. Morphologically abnormal embryos were discarded. The
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recovered embryos were apportioned equally as appropriate for individual 
experiments.
7.3.1. Experiments 7.1a, 7.1b and 7.1c: Vitrification of Preimplantation Stages of 
Mouse Embryos with VS1, VS11 and VS 14 respectively.
For each of the Experiments 7.1a, 7.1b and 7.1c mouse embryos were either 
exposed to VS for 1 to 3 minutes (1- to 8-cell and blastocysts were exposed for 1 
minute; early blastocysts for 2 minutes; morulae for 3 minutes) or frozen-thawed 
by vitrification with VS1, VS11 or VS14 respectively as described in section 
2.2.6.1.. The cryoprotectants in the frozen-thawed embryos were removed by 
dilution with 1M sucrose for 10 minutes at 25°C and then placed in HWM (Hepes 
buffered Whitten's medium) for 5 minutes. The embryos were finally transfered to 
WM and cultured as described in section 2.2.4.1.. The number of embryos that 
survived the treatment were recorded and compared with the survival in culture of 
untreated embryos.
7.3.2. Experiment 7.2: In Vitro Survival of All Preimplantation Stages of S.O. 
Mouse Embryos Vitrified by VS11 which was Diluted with or without Sucrose
The embryos were frozen-thawed as described in section 2.2.6.1.. Following 
thawing the VS was diluted with or without sucrose (direct dilution with medium). 
The in vitro survival of embryos diluted with or without sucrose was compared to 
survival of untreated embryos.
7.3.3. Experiment 7.3a: In Vivo Viability of Day-4 S.O. Mouse Embryos Vitrified 
with VS1 and VS11 which was Diluted with or without Sucrose when Transferred 
to Pseudopregnant Surrogates (C57BL/6J)
Day-4 mouse embryos vitrified with VS1 or VS 11 were thawed with and without 
sucrose dilution as described in section 7.3.2. above. The embryos were transfered 
to surrogates and the in vivo viability determined as described in section 2.2.7.2.. 
Embryos were expelled into the recipient uterine cavity with the aid of a fine 
syringe drive fitted to lOOul Hamilton syringe and plastic tubing. The transfer 
pipette was attached to the tip of the plastic tubing. Conventional embryo transfer 
with mouth-piece, rubber tubing and transfer pipette could not be employed due to 
the sensitivity of the investigator to mouse fur and urinary products. The number of
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implantations and live foetuses was compared between treatments and with 
untreated embryos.
7.3.4. Experiment 7.3b: In Vivo Viability of Day-4 F j [(C57BL/6J x SJL/J) x S.O.] 
Embryos Vitrified with VS 11 which was Diluted with Sucrose when Transferred to 
Pseudopregnant Surrogates (C57BL/6J)
This experiment was performed in identical manner to Experiment 7.3a above but 
embryos were vitrified only with VS11 which was diluted with sucrose. The results 
were compared with those from transfer of untreated embryos.
7.3.5. Experiment 7.3c: In Vivo Viability of Day-4 S.O. Mouse Embryos Vitrified 
with VS14 which was Diluted with Sucrose when Transferred to Pseudopregnant 
Surrogates (C57BL/6J)
This experiment was performed as described in section 7.3.3. above but VS 14 was 
utilised for freezing and was diluted with sucrose. Untreated control embryos were 
not included in this experiment.
7.3.6. Experiment 7.3d: In Vitro Survival of Day-4 S.O. Mouse Morulae and Early 
Blastocysts Vitrified with Saturated Sucrose
Day-4 mouse morulae and early blastocysts were vitrified with saturated sucrose. 
Following thawing the embryos were placed directly in HWM for 5 minutes or 
subjected to a step-wise sucrose gradient of decreasing concentrations (2.0M, 
1.5M, 1.0M and 0.5M) and then placed in HWM for 5 minutes. Finally the treated 
embryos were cultured as described in section 2.2.4.1.. The number of embryos 
that survived the treatment were recorded.
7.3.7. Experiment 7.3e: Determination of the Reproductive Capability of S.O. Mice 
derived from Vitrified Day-4 Embryos.
Mice derived from vitrified (VS1 and VS 11) day-4 embryos after transfer to 
surrogates to term (from Experiment 7.3a) were utilised for this experiment. Five 
pairs (1 male and 1 female) randomly selected from mice derived from embryos 
vitrified with VS1 and VS 11 were placed in individual cages. Their ability to 
reproduce normally was recorded.
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7.4. Results
7.4.1. Experiments 7.1a, 7.1b and 7.1c: Vitrification of Preimplantation Stages of 
Mouse Embryos with VS1, VS11 and VS 14 Respectively
The results of Experiments 7.1a, 7. lb and 7. lc are given in Table 7.1..
7.4.1.1. Experiment 7.1a: Vitrification of Preimplantation Stages of Mouse 
Embryos with VS1
The survival of day-4 S.O. mouse embryos (blastocysts, early blastocysts and 
morulae) that were vitrified with VS1 was comparable to that of control embryos.
Day-3 S.O. mouse 4-cell and 8-cell embryos vitrified with VS1 were significantly 
affected compared to untreated embryos. The survival of 8-cell vitrified embryos 
was comparable to that of 8-cell embryos that were only exposed to VS1. None of 
the 4-cell embryos that were exposed to or frozen thawed with VS1 survived the 
treatment.
About 12% of 2-cell embryos that were exposed to VS1 survived the treatment but 
none survived vitrification.
Only 7.3 % of the 1-cell embryos survived exposure to VS1 and none survived 
vitrification.
The survival of [(C57BL/6J x SJL/J) x S.O.] 1-cell mouse embryos vitrified 
with VS1 or exposed to VS1 was comparable to that of untreated embryos.
7.4.1.2. Experiment 7.1b: Vitrification of Preimplantation Stages of the Mouse 
Embryo with VS 11
The survival of day-4 S.O. mouse embryos that were vitrified with or exposed to 
VS 11 was comparable to that of untreated embryos, (plate 7.1)
Eight-cell S.O. embryos vitrified with VS 11 were not affected but those that were 
only exposed to the cryoprotectant were significantly affected.
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The survival of 4-cell S.O. mouse embryos vitrified with or exposed to VS11 was 
significantly affected. The survival of vitrified embryos was significantly lower 
than those that were only exposed to VS 11.
Two-cell S.O. mouse embryos were significantly affected by vitrification with or 
exposure to VS11. The rates of survival of 2-cell embryos vitrified with and those 
exposed to VS11 were comparable.
One-cell S.O. mouse embryos exposed to VS 11 were not affected but those 
vitrified were significantly affected. The survival of vitrified 1-cell embryos was 
not significantly different to survival of those that were only exposed to VS11 but 
significantly different from survival of control embryos.
The survival of F | [(C57BL/6J x SJL/J) x S.O.] 1-cell embryos that were exposed 
to VS 11 were comparable to that of control embryos but none of the vitrified 
embryos survived the treatment.
7.4.1.3. Experiment 7.1c: Vitrification of Preimplantation Stages of the Mouse 
Embryo with VS 14
The survival of all preimplanation stages of the S.O. and 1-cell stage of Fj 
[(C57BL/6J x SJL/J) x S.O.] mouse embryos was not affected by exposure to or 
vitrification with VS 14 with the exception of 1-cell S.O. mouse embryos, which 
were significantly affected by vitrification.
7.4.2. Experiment 7.2: In Vitro Survival of All Preimplantation Stages of S.O. 
Mouse Embryos Vitrified by VS11 which was Diluted with or without Sucrose
The results of Experiment 7.2 are given in Table 7.2. The survival of vitrified day-4 
embryos (blastocysts, early blastocysts and morulae) and 8-cell embryos was not 
affected when the VS was diluted with sucrose or without sucrose (that is directly 
with HWM). Four-cell and 2-cell embryos were significantly affected by 
vitrification; but the survival of 2-cell mouse embryos was significantly higher 
when diluted with medium as compared to those diluted with sucrose. None of the 
vitrified 1-cell embryos survived irrespective of the dilution procedure employed.
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Table 7.2: S u rv iv a l of S.O. m o u s e  p re im p la n ta t io n  s ta g e  e m b ry o s  
f r o z e n - th a w e d  w ith  v i t r i f ic a t io n  so lu tio n  11 (VS11) w h ich  w as 
d ilu te d  w ith  a n d  w ith o u t s u c ro s e  a t  25C
S tag e  of 
D ev e lo p m en t
P e rc e n ta g e  su riv iv a l of e m b ry o s  ( x /n )
D u ra tio n  of 
e x p o s u re  to  
VS 11 (m in s)
N u m b er
of
r e p l ic a te s
U n ex p o sed
c o n tro ls
D ilu ted  
d ire c tly  
w ith  m e d iu m
D ilu ted  w ith  
1M s u c ro s e  
(10 m in u te s )
B la s to c y s ts 100.0 93.3 78.6 1 2
(1 5 /1 5 ) (1 4 /1 5 ) (1 1 /1 5 )
P NS NS
E arly 100.0 100.0 100.0 2 2
b la s to c y s ts (2 7 /2 7 ) (2 4 /2 4 ) (2 3 /2 3 )
P NS NS
C o m p a c ted 85.7 92.3 84.6 3 2
m o ru la e (1 2 /1 4 ) (1 2 /1 3 ) (1 1 /1 3 )
P NS NS
D a y -3 98.1 88.2 90.9 1 5
8 - c e l l (5 1 /5 2 ) (3 0 /3 4 ) (5 0 /5 5 )
P NS NS
4 - c e l l 94.7 27.8 16.7 1 3
(1 8 /1 9 ) (5 /1 5 ) (3 /1 8 )
P <0.001 <0 .0001 , NS*
2 - c e l l 86 .7 43.8 0.0 1 2
(1 3 /1 5 ) (7 /1 6 ) (0 /1 6 )
P < 0.05 < 0 .0001 ,< 0 .05*
1 - c e l l 42 .9 0.0 0.0 1 1
P
(6 /1 4 ) (0 /1 5 ) (0 /1 5 )
n = number of embryos treated; x = number of embryos that survived 
p = compared to controls; * = compared to embryos diluted with medium
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7.4.3. Experiment 7.3a: In Vivo Viability of Day-4 S.O. Mouse Embryos Vitrified 
with VS1 or VS11 which was Diluted with or without Sucrose.
The results of Experiment 7.3a are shown in Table 7.3a.
7.4.3.1. Total Implantations Following Embryo Transfer
The total implantation of day-4 embryos vitrified with VS1 or VS 11 was 
signficantly higher when the VS was diluted from the embryo with sucrose than 
when diluted with medium. The total implantations observed for embryos vitrified 
with VS11 (which was diluted with or without sucrose dilution) was significantly 
higher than those for untreated embryos and for those that were frozen-thawed with 
VS1 (with or without sucrose dilution). There were no differences between the total 
implantations observed for embryos frozen-thawed with VS1 and those for 
untreated embryos. In the control group, the total implantation rate was 
significantly lower with morulae than with early blastocysts and blastocysts. In the 
test groups (embryos vitrified with VS1 and VS 11) the total implantation rates 
were comparable for all developmental stages of day-4 embryos.
In summary VS11 was better than VS1 and, with either, post-thaw embryo survival 
was improved by sucrose dilution of the VS.
7.4.3.2. Number of Live Foetuses Following Embryo Transfer
The number of live foetuses formed following transfer of vitrified embryos was 
significantly higher for embryos from which the VS (1 and 11) were diluted with 
sucrose than with medium. When VS1 or VS 11 was diluted from embryos with 
sucrose the number of live foetuses produced did not differ from that obtained from 
untreated embryos. Within the control group no differences between the three 
developmental stages of the day-4 embryos were observed in the number of live 
foetuses. In groups frozen-thawed with VS1 or VS11 which was diluted with 
sucrose, early blastocysts formed significantly more live foetuses than blastocysts 
or morulae. (plate 7.1)
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Table 7.3a: Viability of day-4 S.O. mouse embryos frozen-thawed by 
vitrification when transferred to C57BL/6J surrogates
Description Stage of 
development
Embryos
transferred
n (% )
Live 
foetus 
n (%)
Resorptions 
n (%)
Total
Im planta tio r 
n (%)
Unexposed Blastocysts 231 37 (11.7) 15 (6.5) 43 (16.3)
controls Early blastocysts 336 41(17.4) 14 (5.9) 55 (33.3)
Morulae 1B9 19 (10.1) 9 (4.6) 36 (14.6)
Total 656 67 (13.3) 36 (5.6) 135 (19.1)
F /T  VS1 w /o Blastocysts 33 0 1 (3.0) 1 (3.0)
sucrose d ilu tion Early blastocysts 141 13 (9.3) 10 (7.1) 33 (16.3)
Morulae 133 3 (1.6) 4 (3.3) 6 (4.9)
Total 396 15 (5.1) 15 5.1) 30 (10.3)
F /T  VS1 w ith Blastocysts 133 13 (9.6) 1 (0.6) 13 (10.6)
sucrose d ilu tion Early blastocysts 33 13 (36.4) 0 13 (36.4)
Morulae 34 5 (30.6) 3 (13.5) 6 (33.3)
Total 179 39 (16.3) 4 (3.3) 33 (16.4)
F /T  VS11 w /o Blastocysts 46 0 3 (4.4) 3 (4.4)
sucrose d ilu tion Early blastocyst^ 44 3 (6.6) 5 (11.4) 6 (16.3)
Morulae 33 3 (6.3) 0 3 (6.3)
Total 133 5 (4.1) 7 (5.7) 13 (9.6)
F /T  VS11 w ith Blastocysts 193 34 (13.4) 35 (13.0) 49 (35.4)
sucrose d ilu tion Early blastocysts 194 35 (16.0) 16 (6.3) 51 (36.3)
Morulae 90 5 (5.6) 11 (13.3) 16 (17.6)
Total 477 64 (13.4) 53 (10.9) 116 (34.3)
Key: F/TVS1= Frozen-thawed with vitrification solution 1
F/T VS11 = Frozen-thawed with vitrification solution 11
w/o sucrose = Direct dilution with medium without sucrose dilution 
S.O. = Swiss outbred mice
Summary of statistical analysis: I. Total implantations
VS1 with sucrose dilution is better than VS1 w/o sucrose (p<0.05)
VS11 with sucrose dilution is better than VS11 w/o sucrose (p<0.001)
VS1 with sucrose dilution is not different from VS11 with sucrose dilution 
VS1 without sucrose dilution is not different from VS11 without sucrose dilution 
Total implantation VS11 is better than total implantation VS1 (p<0.001)
Total implantation VS11 is better than total implantation controls (p<0.05)
Total implantation VS1 is not different from total implantation controls 
VS1 with sucrose dilution is not different from total implantation controls 
VS11 with sucrose dilution is better than total implantation controls (p<0.005)
With VS1 with sucrose dilution no difference between blast., e. blast., and morulae
II. Number of live foetuses developed
VS1 + VS11 with sucrose dilution better than VS1 + VS11 w/o sucrose dilution (p<0.0001)
VS1 with sucrose dilution is not different from VS11 with sucrose dilution
VS1 with sucrose dilution is not different from VS11 without sucrose dilution
Both VS1 and VS11 without sucrose dilution are not different from controls
Within control group no diffrence between blast., e. blast., and morulae
In groups VS1 and VS11 with sucrose dilution e. blast better than blast. (p<0.005) and
morulae (p<0.01)
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7.4.4. Experiment 7.3b: In Vivo Viability of Day-4 Fj [(C57BU6J x SJLVJ) x S.O.j 
Embryos Vitrified with VS1I which was diluted with Sucrose when transferred to 
Pseudopregnant Surrogates (C57BL/6J)
The results of Experiment 7.3b are shown in Table 7.3b. No differences were 
observed with regard to total implantations or number of live foetuses formed 
between Fj control day-4 embryos and Fj day-4 embryos vitrified with VS 11 
which was diluted with sucrose.
7.4.5. Experiment 7.3c: In Vivo Viability of Day-4 S.O. Mouse Embryos Vitrified 
with VS 14 which was diluted with Sucrose when Transferred to Pseudopregnant 
Surrogates (C57BL/6J)
The results of Experiment 7.3c are shown in Table 7.3c. The total implantation rate 
and the number of live foetuses formed from S.O. mouse blastocysts vitrified with 
VS 14 which was diluted with sucrose were significantly lower than from early 
blastocysts and morulae. There were no differences between vitrified early 
blastocysts and morulae.
7.4.6. Experiment 7.3d: In Vitro Survival of S.O. Mouse Day-4 Morulae and Early 
Blastocysts Vitrified with Saturated Sucrose
None of the day-4 morulae or early blastocysts vitrified with saturated sucrose 
survived the treatment when the saturated sucrose was diluted directly with 
medium or step-wise with a sucrose gradient.
7.4.7. Experiment 7.3 e: Determination of the Reproductive Capability of S.O. Mice 
Derived from Vitrified Day-4 Embryos.
Litters were produced by three out of five pairs of S.O. mice derived from day-4 
embryos which were vitrified with VS1. The offspring comprised 17 males and 19 
females.
Litters were produced by four out of five pairs of S.O. mice derived from day-4 
embryos which were vitrified with VS11. The offspring comprised 21 males and 10 
females.
All the offspring were normal, (plate 7.1)
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Table 7.3b: Viability of day-4 FI mouse embryos frozen-thawed by
vitrification with VS 11 when transferred to pseudopregnant C57BL/6J surrogates
Description Stage of Embryos Live Resorptions Total
development transferred foetus Im plantation
n n (%) n (%) n (%)
Unexposed Blastocysts 55 8(14.6) 2 (3.6) 10 (18.2)
controls Early blastocysts 40 10(20.8) 1 (2.1) 11 (22.9)
Morulae 32 5 (15.6) 0 5 (15.6)
Total 135 23 (17.0) 3 (2.2) 26 (19.3)
F/T VS 11 with Blastocysts 52 16 (30.0) 1 (1.9) 17 (32.7)
sucrose dilution Early blastocysts 58 12 (20.7) 1 (1.7) 13 (22.4)
Morulae 33 11 (33.3) 0 11 (33.3)
Total 143 39 (27.3) 2 (1.4) 41 (28.7)
Key: F/T VS11 = Frozen-thawed with vitrification solution 11
F1 = [(C57BL/6J x SJUJ) x S.O.]
Summary of statistical analysis: !. Total implantations
VS11 Blastocysts vs control blastocysts, NS 
VS11 Early blastocysts vs control blastocysts, NS 
VS11 Morulae vs control morulae, NS
II. Number of live foetuses developed
VS11 Blastocysts vs control blastocysts, NS 
VS11 Early blastocysts vs control blastocysts, NS 
VS11 Morulae vs control morulae, NS
Table 7.3c: Viability of day-4 S.O. mouse embryos frozen-thawed with 
VS 14 when transferred to pseudopregnant C57BL/6J surrogates
Description Stage of 
development
Embryos
transferred
n
Live
foetus
n(% )
Resorptions
n (% )
Total
Im planta tion
n (7 .)
F/T VS 14 with Blastocysts 37 2 (5.4) 0 2 (5.4)
sucrose dilution Early blastocysts 52 13 (25.0) 2 (3.9) 15 (28.9)
Morulae 30 10 (33.3) 4 (13.3) 14 (46.7)
Total 119 25 (21.0) 6 (5.0) 31 (26.1)
Key: F/TVS14 =
S.O. =
Summary of statistical analysis:
Frozen-thawed with vitrification solution 14 
Swiss outbred mice
I. Total implantations
Blastocysts vs early blastocysts, p<0.05 
Blastocysts vs morulae, p<0.0005 
Early blastocysts vs morulae, NS
II. Number of live foetuses developed
Blastocysts vs early blastocysts, ( p<0.05) 
Blastocysts vs morulae, p<0.01 
Early blastocysts vs morulae, NS
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PLATE 7.1
TOP:Vitrified day-4 mouse morulae that developed to 
the expanded and hatching blastocyst stages after culture 
in vitro for 24 hours
MIDDLE-.A litter of S.O. mice derived from vitrified 
day-4 embryos through surrogacy by a C57BL/6J mouse
BOTTOM:A litter of S.O. mice whose parents were 
derived from vitrified day-4 mouse embryos.
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7.5. Discussion
The experiments described in this chapter deal with vitrification of mouse embryos 
in the VS (1, 11 and 14) identified in earlier experiments on vitrifying capacity and 
toxicity. The effects on mouse embryos were assessed by post-thaw in vitro culture 
and by post-thaw transfer of vitrified embryos to pseudopregnant recipients. In 
both cases the results were compared with those from untreated embryos that were 
cultured or transferred. Whilst the in vitro assessments comprised embryos of all 
developmental stages, only day-4 embryos were used in the transfer experiments.
The in vitro survival rates of vitrified embryos were excellent and showed no clear 
differences between VS when they were used with day-4 morulae, early blastocysts 
and blastocysts. However earlier developmental stages were less tolerant of the VS 
and differences between the VS became apparent in the survival rates. With a few 
exceptions failure to achieve good survival after vitrification was related to toxicity 
of the VS. Clearly VS 14 was the least toxic followed by VS11 and VS 1 in order of 
increasing toxicity.
As discussed in Chapter 5 there are two components of cryoprotectant toxicity; 
chemical toxicity and toxicity due to osmotic stress. Results in Chapters 5 and 6 
indicate that, of the permeating cryoprotectants present in the VS tested here, 
glycerol is the more toxic. It is at 2.5M, 1.8M and OM in VS1, VS11 and VS 14 
respectively, i.e. in the same descending order as the toxicity of the VS. While 
toxicity studies suggested that these molarities of glycerol are not toxic to embryos 
exposed for a brief time, it is possible that toxicity is enhanced under conditions of 
vitrification. Furthermore the marginal increase in toxicity of the VS resulting from 
increasing level of glycerol may be critical for the embryos of less tolerant 
developmental stages.
Osmotic stress of the VS is a function of the osmolality of the VS. The calculated 
osmolality of the three VS are 12.17, 12.74 and 10.39 for VS1, VS11 and VS14. 
Thus it may be concluded that difference in osmotic stress is not the reason for the 
lower toxicity of VS11 compared to VS1. While the osmolality of VS14 is lower 
than that of VS1 and VS11 the significance of this in relation to the lower toxicity 
of VS 14 is not clear. However it is interesting, and probably important in 
considering further experiments, that by adding 1M sucrose the concentration of
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EG can be reduced to 5.5M without loss of vitrifying capacity. Neither 5.5M EG 
nor 1M sucrose will vitrify on its own.
The data on survival of vitrified embryos when transferred to pseudopregnant 
recipients confirmed the efficacy of the three VS under test. Although VS 14 was 
not included with VS1 and VS11 in Experiment 7.3a the data of Experiment 7.3c 
strongly suggest that VS 14 may result in better in vivo survival than the other VS. 
The results of transfer experiments in terms of both total implantations and live 
foetuses were disappointing, but comparisons within the experiments remain valid. 
VS 11 was superior to VS1 in the total number of implantations but there was no 
difference in the number of live foetuses from embryo transfer.
Sucrose dilution of the VS was beneficial to both the total implantations and the 
number of live foetuses developed. When VS was diluted with sucrose the vitrified 
embryos produced a greater number of total implantations than untreated embryos 
and the same number of live foetuses. When F j embryos were used in Experiment 
7.3b there was again no difference in the live foetuses produced from vitrified 
(VS 11) and untreated embryos. In a separate experiment (7.3c) VS14 produced 
very similar results. Clearly the vitrification solutions formulated from the 
experiments of Chapters 4 and 5 and tested in experiments described here are 
excellent for cryopreservation of mouse embryos.
There is a lack of consistency between the in vitro and in vivo experiments on the
effect of using sucrose in the dilution of VS from vitrified embryos after thawing.
There was no significant effect of sucrose dilution on in vitro survival of day-4
embryos (blastocysts, early blastocysts and morulae) but there was a significant
benefit in sucrose dilution when embryos were transferred to pseudopregnant
recipients. The reasons for this difference are not apparent but they no doubt reflect
the different end-points in the two methods of assessment. In vitro assessment is
based on development of blastocysts which appear normal but with no assurance
that they are capable of developing to normal foetuses. Disparity between the two
end-points may result from different survival rates of sub-populations of cells (e.g.
troDhoblast or inner cell mass). . . . . . . . . .  , . . . . . .  . . .It nas been observed tnat survival of vitnhed embryos is higher in vitro than in vivo
(Rail et al.. 1987: Ishimori et al.. 1992k
The rate of in vivo viability observed in the present study is lower compared to 
other reports (Kasai et al., 1990; Ishimori et al., 1992) on viability of vitrified day-4 
embryos. Kasai et al. (1990) reported a 51% live birth and Ishimori et al. (1992) 
reported development of 34% to 36% of vitrified embryos to live foetuses. The low
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rate of development in vivo of both vitrified and control embryos in experiments 
described here could be due to the inhalation anaesthetic (Penthrane) used, or to the 
embryo transfer technique employed described in section 7.3.3. The conventional 
technique of embryo tranfer with mouth-piece and rubber tubing could not be 
performed due to the sensitivity of the investigator to mouse fur and urinary 
products, and the necessity to wear a mask.
In the experiments described here there was no attempt to equilibrate completely 
the embryos with cryoprotectant and yet high rates of embryo survival resulted 
after vitrification. The degree of permeation of embryonic cells by the VS is 
unknown, but the studies on embryo volume in Chapter 9 indicate that after the 
short duration of exposure used here there could have been very little permeation. 
The immediate response of the embryos to exposure to VS is dehydration because 
of the high concentration of the cryoprotectants and their low permeativity relative 
to water. Consequently, the concentration of solutes and macromolecules within 
the blastomeres is increased markedly and probably contributes to intracellular 
vitrification when the embryos are subjected to ultrarapid cooling by plunging into 
liquid nitrogen. Extracellular vitrification is promoted by the high concentration of
cryoprotectants in the VS which may also have a role in protecting cell membranes 
(Rail et al., 1980; 1984).
This discussion leads to speculation on what may occur when embryos are 
cryopreserved by rapid cooling in medium that is not sufficiently concentrated to 
vitrify (Shaw and Trounson, 1989; Wilson and Quinn, 1989; Li and Trounson, 
1991; Shaw, Diotallevi and Trounson, 1991). It is arguable that in these procedures 
intracellular vitrification occurs due to concentration of solutes resulting from 
dehydration of the blastomeres. This raises the question of whether it is possible to 
cryopreserve embryos after dehydration by a non-permeating cryoprotectant. To 
test this proposition saturated sucrose was employed as the vitrifying agent in 
Experiment 7.3d. (Unsaturated solutions of sucrose will not vitrifiy.) None of the 
embryos survived the exposure to sucrose for 3 minutes when the exposure was 
followed by direct dilution in medium or step-wise dilution with a sucrose gradient. 
Embryo death was due to osmotic stress and toxicity. Szell and Shelton (1986a) 
showed that 2M sucrose is toxic to mouse embryos within 10 minutes at 25°C. In 
the experiment described here embryos were exposed to high concentrations of 
sucrose for an extended period of time. Saturated sucrose is a good vitrification 
agent but is not suitable for vitrification of embryos. The question of whether a 
permeating cryoprotectant is mandatory for effective cryopreservation by 
vitrification remains unanswered.
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Mice derived from day-4 S.O. mouse embryos vitrified with VS1 and VS 11 are 
capable of reproducing and teratogenic effects were not seen in any of the 
offspring. Vitrification can therefore be routinely employed to cryopreserve mouse 
embryos.
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CHAPTER 8: VITRIFICATION OF DAY-6 SHEEP EMBRYOS
8.1. Summary
The aim of the experiments described here was to investigate cryopreservation of 
day-6 sheep embryos by vitrification methods which can be performed at room 
temperature using VS1, VS11 and VS14. None of the day-6 sheep embryos 
vitrified with VS1 survived. Day-6 sheep embryos with the exception of blastocysts 
were vitrified with VS11 with no loss of viability in vitro. The in vivo viability of 
day-6 embryos vitrified with VS 11 was however extremely poor. Numbers of 
nuclei in embryos vitrified with VS 11 were significantly lower than in untreated 
embryos. The detrimental effects were probably brought about by severe osmotic 
stress attributable to the high concentration of permeable cryoprotectants. To 
overcome osmotic damage the embryos were initially exposed to one of four 
dilutions (20%, 30%, 40% and 50%) of VS 11 for 5 minutes at 25°C and then 
vitrified with the undiluted VS11. The in vitro survival obtained by this technique 
was very high and comparable to that of untreated embryos. The highest survival 
(88.2%) in vitro was obtained when embryos were exposed to 30% VS11 prior to 
vitrification with the undiluted VS11. In vivo survival of embryos exposed to 30% 
and then vitrified with undiluted VS11 was 55.2% (16/29) for morulae and 62.1% 
(18/29) for blastocysts. The pregnancy rate for recipients that received two vitrified 
sheep embryos of these developmental stages per ewe was also high (78.6%; 
22/28). In a small study performed with VS 14 the survival of day-6 sheep embryos 
vitrified with VS 14 (in 1-step) was 100% in vitro and 50% in vivo. Thus VS 14 
shows promise as a vitrification agent for mammalian embryos and should be 
further investigated. In conclusion day-6 sheep embryos can be successfully 
vitrified with very high in vitro and in vivo survival rates when the embryos are 
exposed to 30% VS11 prior to vitrification with the undiluted VS11.
8.2. Introduction
Following the first successful cryopreservation of sheep embryos (Willadsen, 1977) 
significant progress has been made in the technology. Whilst the original method 
involved slow-cooling to -60 to -80°C, Willadsen (1977) showed that slow cooling 
could be terminated at -25 to -40°C if thawing was done rapidly. In these 
procedures the cryoprotectant usually was DMSO or glycerol which was added 
and removed in a stepwise manner. The major aim of these techniques was to reach
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the frozen state with the formation of no or very little intracellular ice and to avoid 
formation of intracellular ice on thawing.
Vitrification is another approach to obviating the formation of ice and recently 
sheep embryos have been cryopreserved by vitrification (Szell, Zhang and Hudson, 
1990a,b; Schiewe, Rail, Stuart and Wildt, 1991) with moderate levels of success.
The cryopreservation of all developmental stages of the preimplantation mouse 
embryo was described in Chapter 7. The aim of the investigations described in this 
chapter was to develop a method of cryopreservation by vitrification for day-6 
sheep embryos which can be performed at room temperature using VS1, VS11 and 
VS 14. The efficacy of VS 11 and VS 14 as vitrification agents was assessed by the 
in vitro and in vivo of survival of sheep embryos vitrified in these two solutions. In 
vivo experiments were also performed to determine the need for sucrose dilution of 
VS from thawed embryos.
8.3. Experimental Design
Day-6 sheep embryos (compacted morulae, early blastocysts, blastocysts and 
expanded blastocysts) were obtained as described in Chapter 2, sections 2.2.2.3. 
and 2.2.3.2.. The recovered embryos were apportioned equally as appropriate for 
individual experiments.
8.3.1. Experiments 8.1a and 8.1b: In Vitro Survival of Day-6 Sheep Embryos 
Exposed to or Vitrified with VS1 or VS 11 which was Removed by Sucrose Dilution
Day-6 sheep embryos were exposed to VS1 or VS 11 for 1 to 3 minutes or were 
vitrified with VS1 or VS11. Vitrified embryos were thawed as described in section 
2.2.6.2.. The cryoprotectants in the vitrified embryos post-thaw were removed by 
dilution with 1M sucrose for 10 minutes at 25°C. The embryos were then placed in 
HSOF (Hepes buffered synthetic oviductal fluid medium) for 5 minutes also at the 
same temperature and were finally transferred to SOF and cultured as described in 
section 2.2.4.2.. Untreated day-6 sheep embryos served as controls. The number of 
embryos that survived the treatment was recorded.
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8.3.2. Experiment 8.2: In Vitro Survival of Sheep Blastocysts Equilibrated for 1, 3 
or 5 Minutes at 25°C and Vitrified with VS11
Sheep blastocysts, expanded blastocysts and collapsed blastocysts were subjected 
to equilibration in VS 11 for 1, 3 or 5 minutes at 25°C and vitrified with VS11. All 
other procedures such as thawing, dilution and culture were similar to those 
described in section 8.3.1. The controls were fresh untreated sheep blastocysts.
8.3.3. Experiment 8.3: In Vitro Survival of Day-6 Sheep Embryos Dehydrated with 
1M Sucrose, Equilibrated for I, 3 or 5 minutes and Vitrified with VSI1
The embryos were first dehydrated by exposure to 1M sucrose for 3 minutes at 
25°C. The embryos were then equilibrated, vitrified and treated as described in 
section 8.3.1..The controls were fresh untreated embryos.
8.3.4. Experiment 8.4: In Vitro Survival of Day-6 Sheep Embryos Exposed to 
Various Dilutions of VS 11 for 5 Minutes at 25°C and then Vitrified with VS11
Sheep day-6 embryos were exposed for 5 minutes in 20%, 30%, 40% or 50% VS 11 
at 25°C, and then exposed for one and a half minutes and vitrified with 100% 
VS 11. After thawing and VS dilution with sucrose, the embryos were cultured as 
described in section 8.3.1.. Untreated fresh embryos served as controls.
8.3.5. Experiment 8.5: In Vitro Survival of Day-6 Sheep Embryos Vitrified with 
VS14 which was Diluted with Sucrose
This experiment was performed identically to that described in section 8.3.1. but 
the vitrification agent used was VS 14. Untreated embryos served as controls.
8.3.6. Experiment 8.6: In Vivo Survival of Day-6 Sheep Embryos Vitrified with 
VS11 and VS 14 when Transferred to Surrogates
Day-6 sheep embryos were vitrified in VS11 or VS 14. Embryos for vitrification in 
VS 11 were either placed directly in VS 11 (1-step) or pretreated by exposure in 
30% VS11 for 5 minutes (2-step). Vitrification in VS 14 was 1-step only. The VS in
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embryos vitrified with VS 11 (1-step) was removed by sucrose dilution or directly 
with HSOF medium (without sucrose dilution). In the other treatments VS was 
removed by sucrose dilution. The recovered embryos were transferred to surrogates 
and in vivo survival determined as described in section 2.2.13. Most ewes received 
two embryos.
8.3.7. Experiment 8.7: Counts of Nuclei in Untreated and Vitrified Day-6 Sheep 
Embryos Cultured for 24 to 48 Hours in SOF Medium to the Expanded or Hatched 
Blastocysts Stage
Untreated and vitrified day-6 sheep embryos (with VS 11) described in sections
8.3.1. and 8.3.4. were cultured in SOF for 24 to 48hrs to the expanded or hatched 
blastocysts stage and then stained to enable counting of nuclei. The counts were 
performed as described in section 2.2.7.1. Statistical analysis was performed by 
Student's r-test.
8.4. Results
8.4.1. Experiments 8.1a and 8.1b: In Vitro Survival of Day-6 Sheep Embryos 
Vitrified with VS1 and VS11 which was Removed by Sucrose Dilution
The results of Experiments 8.1a and 8.1b are given in Table 8.1. VS1 and VS11 are 
not toxic to day-6 embryos with the exception of VS1 to early blastocysts. The 
survival of all developmental stages of day-6 sheep embryos was significantly 
affected by vitrification with VS1. The survival of morulae and early blastocysts 
was not affected by vitrification with VS 11 but the survival of blastocysts was 
significantly affected.
8.4.2. Experiment 8.2: In Vitro Survival of Sheep Blastocysts Equilibrated for 1, 3 
or 5 Minutes at 25°C and Vitrified with VS 11
The results of Experiment 8.2 are given in Table 8.2. The survival of vitrified sheep 
blastocysts and expanded blastocysts was significantly affected when vitrification 
was preceded by equilibration for 3 and 5 minutes. Although the numbers of 
embryos were small it appeared that sheep blastocysts and expanded blastocysts 
that were exposed to VS11 for 1 minute prior to vitrification with VS11 were not 
seriously affected. Collapsed blastocysts that were equilibrated for 3 and 5 minutes 
survived vitrification in VS 11.
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Table 8.2: In vitro survival of day-6 blastocysts equilibrated for 1, 3 or 5 
minutes and vitrified with VS 11
P e rc en tag e  surv ival (x /n )
S tage of D ura tion  of e q u ilib ra tio n  a t  25C w ith VS 11 p rio r  to  v itr if ica tio n  (m ins)
developm en t U n tre a te d  c o n tro ls 1 3 5
B lastocysts 87.50% 50.0% 0 12.50%
(7 /8 ) (4 /8 ) (0 /8 ) (1 /8 )
P* NS <0.05
E xpanded 100.0% 50.0% 0 0
b las to c y sts (2 /2 ) (1 /2 ) (0 /2 ) (0 /2 )
P NS
Collapsed - - 100.0% 100.0%
b la s to c y s ts (2 /2 ) (2 /2 )
Table 8.3: In vitro survival of day-6 sheep embryos equilibrated and 
vitrified with VS 11 after prior dehydration with 1M sucrose at 25C
Stage of 
d evelopm en t
P e rc en tag e  surv ival (x /n )
D u ra tio n  of eq u ilib ra tio n  a t  25C w ith VS 11 p r io r  to  v itr if ica tio n  (m ins)
U n tre a te d  co n tro ls 1 3 5
E xpanded 100.0% 0 0 0
b la s to c y s ts (2 /2 ) (0 /5 ) (0 /3 ) (0 /2 )
B las tocysts 100.0% 14.30% 0 0
(5 /5 ) (1 /7 ) (0 /2 ) ( (0 /2 )
P <0.05
Early 100.0%
b la s to c y s ts (6 /6 ) (0 /5 ) (0 /6 ) (0 /5 )
m o ru lae 100.0% 0 0 0
(5 /5 ) (0 /4 ) (0 /5 ) (0 /4 )
n = number of embryos treated; x = number of embryos that survived treatment 
p* = compared to respective control values
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8.4.3. Experiment 8.3: In Vitro Survival of Day-6 Sheep Embryos Dehydrated with 
1M Sucrose, Equilibrated for 1, 3 or 5 minutes and Vitrified with VS11
The results of Experiment 8.3 are given in Table 8.3. The survival of expanded 
blastocysts, blastocysts, early blastocysts and morulae was seriously affected by the 
treatments.
8.4.4. Experiment 8.4: In Vitro Survival of Day-6 Sheep Embryos Exposed to 
Various Dilutions of VS 11 for 5 Minutes at 25°C and then Vitrified with VS11
The results of Experiment 8.4 are given Table 8.4. The effects of treatment on 
survival of individual developmental stages were not significant. When all the 
developmental stages were grouped together the survival of the embryos that were 
exposed to 20% and 50% VS11 for 5 minutes and then vitrified with (100%) VS11 
was significantly reduced. The survival of embryos was not affected when they 
were vitrfied after exposure to 30% or 40% VS 11. The survival rate in the latter two 
groups was 88.2% and 85.7% respectively, (plate 8.1)
8.4.5. Experiment 8.5: In Vitro Survival of Day-6 Sheep Embryos Vitrified with 
VS 14 which was Diluted with Sucrose
The results of Experiment 8.5 are given in Table 8.5. All embryos vitrified with 
VS 14 which was subsequently (post-thaw) diluted with sucrose survived in vitro.
8.4.6. Experiment 8.6: In Vivo Survival of Day-6 Sheep Embryos Vitrified with 
VS 11 and VS 14 when Transferred to Surrogates
The results of Experiment 8.6 are given in Table 8.6. The in vivo viability was poor 
when day-6 embryos were vitrified in one step with V S11 which was diluted with 
or without sucrose.
The in vivo survival of sheep embryos that were exposed to 30% VS 11 for 5 
minutes and then vitrified with (100%) VS 11 (2-step) was very high with the 
exception of early blastocysts. The embryo survival and pregnancy rates for the 
different developmental stages were: morulae 55.2% and 78.6%, blastocysts 62.1%
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Table 8.4: In v itro  survival of sheep d a y -6  em bryos eq u ilib ra ted  with 
various d ilu tions of VS 11 for 5 m in u tes  a t  25C and  th en  v itrified  
w ith VS11
Stage of
P e rc en tag e  surv ival (x /n )
d evelopm en t U n tre a ted P e rc e n t d ilu tion  of VS 11
c o n tro ls 20% 30% 40% 50%
E xpanded 88.9% 55.6% 81.8% 66.7% 33.3%
b la s to c y s ts (8 /9 ) (5 /9 ) (9 /1 1 ) (6 /9 ) (1 /3 )
p* NS NS NS NS
B las tocysts 100.0% 100.0% 90.9% 100.0% 66.7%
(1 2 /1 2 ) (7 /7 ) (1 0 /1 1 ) (1 0 /1 0 ) (2 /3 )
P NS NS NS NS
Early 100.0% 33.3% 88.9% 100.0% 83.3%
b la s to c y s ts (6 /6 ) (1 /3 ) (0 /9 ) (4 /4 ) (5 /6 )
P NS NS NS NS
M orulae 100.0% 100.0% 100.0% 80.0% 40.0%
(5 /5 ) (3 /3 ) (3 /3 ) (4 /5 ) (2 /5 )
P NS NS NS NS
T otal (d a y -6  em bryos) 96.9% 72.7% 88.2% 85.7% 58.8%
(3 1 /3 2 ) (1 6 /2 2 ) (3 0 /3 4 ) (2 4 /2 8 ) (1 0 /1 7 )
P <0.05 NS NS <0.005
Table 8.5: In v itro  surv ival of d a y -6  sheep  em bryos v itrified  w ith VS 14 
which was d ilu ted  by su c ro se
S tage  of P e rc en tag e  su rv ival (x /n )
dev e lo p m en t U n tre a te d  co n tro ls V itrified
M orulae 100.0% 100.0%
(3/3) (5/5)
P NS
E arly  b la s to c y s ts - 100.0%
(1/1)
B lastocysts - 100.0%
(1/1)
T otal (d a y -6  em bryos) 100.0% 100.0%
(3/3) (7/7)
P NS
n = number of embryos treated; x = number of embryos that survived
p* = compared to respective control values
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Table 8.6: V iability  of d a y - 6  sh e ep  em b ry o s  v itr if ie d  w ith  VS11 a n d  VS14 
w hen  t r a n s f e r r e d  to  s u r ro g a te s
D e sc rip tio n T o ta l n u m b e r  of 
e m b ry o s  t r a n s f e r r e d  
(2 to  3 p e r  ewe)
E m bryo  su rv iv a l r a te  % 
N u m b e r of live fo e tu s e s  
d ev e lo p ed  (y /z )
P re g n a n c y  r a te  % 
N u m b e r  of s u r ro g a te s  
p r e g n a n t  ( x /n )
A. 1 - s t e p  v i tr i f ic a tio n  
w ith  VS11
a. M orulae
i) w ith  s u c ro se  
d ilu tio n
38 7.9%
( 3 /3 8 )
15.8%
(3 /1 9 )
ii) w ith o u t s u c ro s e  
d ilu tio n
30 13.3%
(4 /3 0 )
26.7%
(4 /1 5 )
b. E a rly  b la s to c y s ts  
ii) w ith  su c ro s e  
d ilu tio n
41 2.4%
(1 /4 1 )
4.4%
(1 /2 3 )
ii) w ith o u t s u c ro s e  
d ilu tio n
19 0.0%
(0 /1 9 )
0.0%
(0 /1 0 )
c. B la s to c y s ts  
ii) w ith  s u c ro s e  
d ilu tio n
15 0.0%
(0 /1 5 )
0.0%
( 0 /7 )
ii) w ith o u t s u c ro s e  
d ilu tio n
15 0.0%
( 0 /1 5 )
0.0%
( 0 /5 )
B. 2 - s t e p  v i tr i f ic a t io n  
w ith  VS11 a n d  
s u c ro s e  d ilu t io n
a. M orulae 29 55.2%
(1 6 /2 9 )
78.6%
(1 1 /1 4 )
b. E a rly  b la s to c y s ts 10 10.0%
( 1 /1 0 )
20.0%
( 2 /5 )
c. B la s to c y s ts 29 62.1%
(1 8 /2 9 )
76.6%
(1 1 /1 4 )
d. E x p an d e d  
b la s to c y s ts
4 50.0%
(2/4)
50.0%
( 1 /2 )
e. T o ta l ( 2 - s t e p ) 72 51.4%
(3 7 /7 2 )
71.4%
(2 5 /3 5 )
C. 1 - s t e p  v i tr i f ic a t io n  
w ith  VS 14 a n d  
s u c ro s e  d ilu tio n
a. M orulae 2 50.0%
0 / 2 )
100.0%
( 1 /1 )
b. B la s to c y s ts 4 100.0%
( 4 /4 )
100.0%
( 2 /2 )
c. E x p an d e d  
b la s to c y s ts
4 0.0%
( 0 /4 )
0.0%
( 0 /2 )
z = number of embryos transferred; y = number of live foetuses developed
n = number of recipients (surrogates); x = number of surrogates pregnant
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Table 8.7: Numbers of nuclei in fresh and vitrified day-6 sheep 
embryos cultured in SOF medium for 24 to 48 hours
D e sc rip tio n / C ounts of nuc le i
deve lo p m en ta l s tag e C ontrol V itrified
(v itrified  w ith VS 11) Mean (SD) 
n
Mean (SD) 
n
A. 1 - s te p  p ro c e d u re
a) M orulae 83.1 (59.4) 54.3 (10.8)
13 12
P* NS
b) E arly  b la s to c y s ts 138.0 (23.9) 59.8 (29.3)
4 5
P <0.005
B. 2 - s te p  p ro c e d u re
a) M orulae 157.3 (28.9) 155.5 (20.5)
i) (30% VS11) 5 2
P NS
b) E arly  b la s to c y s ts 147.0 ( 28.9) 183.5 (44.6)
i) (30% VS11) 5 2
P NS
c) B lastocysts 172.5 (2.1) 126.5 (16.3)
i) (20% VS11) 5 2
P NS
ii) (30% VS11) 172.5 (2.1) 234.5 (3.5)
5 2
P <0.005
iii) (40% VS 11) 172.5 (2.1) 193.5 (24.8)
5 2
NS
p* = compared to respective control values
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PLATE 8.1
TOP:Flourescent staining of nuclei of sheep hatching 
blastocyst that developed after vitrification (VS11; 2- 
step) at the early blastocyst stage and following culture 
in vitro for 24 hours
MIDDLE: Sheep hatching blastocyst that developed after 
vitrification (VS 11; 2-step) at the early blastocyst stage 
and following culture in vitro for 24 hours
BOTTOM: The bench set-up for the embryo vitrification 
procedure consisting of a zoom stereo microscope, a 
transparent glass microscope stage warmer, a glass bench 
warmer, a water bath/circulator to maintain temperature 
of microscope stage warmer and bench warmer at 
desired temperature, a dip-chiller for reducing the 
temperature of water bath below ambient temperature, a 
styrofoam box partly filled with liquid nitrogen and a 
plastic heat sealer for sealing the plastic insemination
straws.
SW*
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and 78.6%, early blastocysts 10% and 20% and expanded blastocysts 50% and 50% 
respectively.
The embryo survival and pregnancy rates of the small number of sheep morulae 
and blastocysts that were vitrified with VS 14 were 50% and 100%, and 100% and 
100% respectively. None of the (0/4) sheep expanded blastocysts that were vitrified 
with VS 14 survived in vivo.
8.4.7. Experiment 8.7: Nuclei Counts of Untreated and Vitrified Day-6 Sheep 
Embryos Cultured for 24 to 48 Hours in SOF Medium to the Expanded or Hatched 
Blastocysts Stage
The results of Experiment 8.7 are given in Table 8.7. The nuclei count was higher 
in untreated embryos than in embryos that were vitrified in l-step with VS11. The 
nuclei counts were comparable to untreated embryos when the embryos were 
exposed to 30% and then vitrified with VS11 (2-step), (plate 8.1)
8.5. Discussion
Studies on the vitrification of mouse embryos (Chapter 7) indicated that complete 
equilibration with cryoprotectant was unnecessary. It was suggested that in 
addition to cryoprotective action a major role of the VS was to induce dehydration 
in embryos thereby increasing the intracellular solute concentrations many fold so 
as to allow intracellular glass formation during cooling. The VS provides 
extracellular protection by forming extracellular glass during cooling. The same 
appears to be true for day-6 sheep embryos.
Day-6 sheep embryos were quite tolerant to VS1 but did not survive vitrification in 
this solution. Therefore no further investigations were performed on VS1. Sheep 
early blastocysts and morulae can be vitrified with VS11 with no loss of viability in 
vitro. Previous studies (Chapters 5, 6 and 7) performed on mouse preimplantation 
embryos suggested that the toxicity of VS1 and VS 11 was probably positively 
related to the amount of glycerol present in the VS. VS11 has less glycerol (1.8M) 
than VS1 (2.5M) and is less toxic. The studies in Experiments 8.1a and 8.1b 
showed little difference in toxicity between VS1 and VS 11 when day-6 sheep 
embryos were exposed to these solutions for 1 to 3 minutes but there was 
significant difference in survival after vitrification. It is not clear whether this is
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due to enhanced embryotoxicity of VS1 under conditions of vitrification or to 
inadequate cryoprotection by VS1.
Experiments conducted to determine whether the lower viability of sheep 
blastocysts vitrified with VS 11 was related to insufficient equilibration revealed 
that equilibration for 3 minutes or beyond was detrimental to their survival. This 
observation supported explanations suggested earlier concerning the sensitivity 
being related to the size of the blastocoel. However the in vitro survival of 
collapsed blastocysts vitrified after equilibration for 3 to 5 minutes with VS 11 
suggested that the prior removal of the blastocoelic fluid could be beneficial and 
enhance the survival of the vitrified blastocyst. Experiments to test this suggestion 
proved otherwise when the blastocoelic fluid was removed by challenging the 
blastocyst with IM sucrose. Day-6 embryos of all developmental stages did not 
survive when they were subjected to dehydration with 1M sucrose after which they 
were equilibrated for 1, 3 or 5 minutes and then vitrified with VS11. It is however 
obvious that the turgidity of the blastocysts is somehow related to higher sensitivity 
to the VS, possibly because they suffer greater osmotic trauma and damage than 
non-turgid blastocysts when challenged with the VS. Turgid blastocysts may be 
more vulnerable than collapsed blastocysts because sudden challenge with a highly 
concentrated permeating solution may result in abrupt ultrarapid movement of a 
relatively large volume of fluid across the cell membrane. This may result in 
damage.
Ice crystallization could not have occurred during the vitrification and thawing 
procedures and is not the cause of the poor in vivo survival of vitrified (1-step) 
sheep embryos. Studies (Chapter 6) have shown that in vitro viability of sheep 
morulae was not affected until exposure to VS11 for 20 minutes at 25°C. Volume 
studies (Chapter 9) also appear to suggest the same. The data presented here and in 
Chapters 6, 7 and 9 suggest that in spite of in vitro survival of vitrified embryos the 
number of blastomeres that survived vitrification are insufficient or mainly 
consisted of or gave rise to trophoblastic cells, rendering the embryo incapable of 
establishing a viable pregnancy. Indeed nuclei counts performed on vitrified (1- 
step) sheep early blastocysts that were cultured for 48 hours were significantly 
lower than those of untreated early blastocysts that were similarly cultured. It was 
thus concluded that a significant number of blastomeres of sheep day-6 embryos 
were irreversibly damaged during the 1-step vitrification procedure, possibly due to 
excessive osmotic stress, with the result that subsequent viability was affected in 
vivo but not in vitro.
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To overcome the problem of osmotic damage to the blastomeres of day-6 sheep 
embryos when exposed to VS 11 (which is 7.8M) the embryos were initially 
exposed to one of the various dilutions of VS 11 ranging from 20% to 50% before 
vitrification with the undiluted (100%) VS11. Initial exposure to 30% and 40% 
VS 11 followed by vitrification with the undiluted VS 11 resulted in the highest in 
vitro survival rates which were comparable to the survival of untreated embryos. 
This regime provided less harmful osmotic steps than initial treatment with 20% or 
50% VS11. Counts of nuclei performed on embryos that were exposed to 30% and 
40% VS11 prior to vitrification with (undiluted) VS11 were comparable to those of 
control embryos suggesting that vitrification by this procedure had no detrimental 
effect on subsequent development in vitro.
For convenience this method of vitrification which involves an initial exposure to a 
dilution of VS11 followed by vitrification with the undiluted VS11 was dubbed the 
2-step procedure. The method in which the embryos were vitrified in undiluted VS 
without prior exposure to a dilution of the VS was referred to as the 1-step 
procedure.
Day-6 sheep embryos vitrified by the 2-step procedure particularly morulae and 
blastocysts resulted in high in vivo embryo survival and pregnancy rates when 
transferred to surrogates. The in vivo viability of sheep early blastocysts was poor 
with a 10% embryo survival and a 20% pregnancy rate. However the number of 
embryos at this stage was too small to be conclusive. Experiments with a larger 
sample size would show any real effect of developmental stage.
Survival rates of 30 to 60% have been reported after transfer of embryos frozen- 
thawed by conventional methods with a variety of cryoprotectants (Willadsen, 
1977; Tervit and Goold, 1984; Heyman, Vincent and Gamier, 1987). There have 
been few reports of successful vitrification of sheep embryos. McGinnis and 
Youngs (1990) reported in vitro survival of blastocysts after vitrification and 
Schiewe et al. (1991) reported the first live offspring (2/7) from embryos vitrified 
in 6.5M EG and 6% bovine serum albumin. Szell et al. (1990a,b) obtained 11% 
(4/35) in vivo survival of morulae and 32% (6/19) for blastocysts and hatching 
blastocysts. Thus results reported here 62% (18/29) for blastocysts and 51% 
(37/72) for all developmental stages of day-6 sheep embryos are superior to those 
in earlier reports on vitrification and at least equal to the results reported from 
conventional freeze-thaw procedures. It is worth noting that, although there was no
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concurrent comparison of freeze-thaw procedures in the experiment reported here, 
in a previous experiment in this laboratory (Shelton, 1992) in vivo survival of 
embryos frozen in 1.5M EG or Gly and transferred one per recipient was 45.2%. A 
further point of interest is that in the successful experiments reported here EG was 
the major component of the VS subsequent to a systematic examination of the 
vitrification properties and the toxicity of 12 cryoprotectants and their ternary 
mixtures. Tervit and Goold (1984) and Heyman et al. (1987) remarked on the 
advantages of EG in conventional procedures and Schiewe et al. (1991) used EG as 
the cryoprotectant in the report of live births from vitrified sheep embryos.
The results suggest that VS 14 can be used to vitrify day-6 sheep embryos by a 1- 
step procedure with little loss of viability. VS 14 consists of 5.5M ethylene glycol 
(EG) and 1M sucrose whereas VS11 consists of 6.0M EG and 1.8M Gly. 5.5M EG, 
VS 14 (Chapter 5) and 1M sucrose (Szell and Shelton, 1986a) are non-toxic to 
mouse morulae. The lower concentration of permeating cyroprotectant in VS 14 
probably results in less osmotic and biochemical damage to the embryo. 
Furthermore the presence of 1M sucrose maintains the embryo in a dehydrated 
state to enable glass formation during vitrification. VS 14 is potentially a very good 
vitrification agent for mammalian embryos and warrants further investigation.
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CHAPTER 9: VOLUMETRIC RESPONSE OF MOUSE AND SHEEP 
MORULAE WHEN CHALLENGED WITH VS11
9.1. Summary
The investigations described in this chapter were designed to assess the extent of 
equilibration as measured by the relative volume when mouse embryos were 
exposed to VS 11 for 5, 10, 15 and 20 minutes and sheep embryos for 3, 5, 10, 15 
and 20 minutes.
It was clear that exposed embryos did not remain spherical in shape and two 
models were used to estimate their relative volume. One model used the difference 
in volume between segments of spheres and the second used difference in volume 
of hemispheres.
At 5 minutes after exposure to VS 11 three mouse morulae had relative volumes 
between 20.3% and 26.1%. One continually increased in relative volume during the 
time of observations (20 minutes) whereas the other two decreased in relative 
volume after 15 minutes. At 3 minutes after exposure, the three sheep morulae had 
relative volumes between 15.7% and 30%. One continually increased in relative 
volume during the 20 minutes of observation while the other two decreased in 
relative volume at 15 and 20 minutes. These observations are in general accord 
with earlier findings that VS 11 is toxic to embryos after 20 minutes. From the 
results described here it is evident that during the 1 to 3 minutes of equilibration 
allowed in the experiments described in Chapters 7 and 8, very little VS 11 
permeated the embryos. Nevertheless the high survival rate of embryos indicates 
that intracellular vitrification occurred. This suggests that conditions conducive to 
vitrification are due in part to the high concentration of intracellular solutes as a 
consequence of dehydration induced by VS 11.
9.2. Introduction
In conventional cryopreservation embryos are equilibrated with cryoprotectant and 
cooled slowly to allow efflux of water to avoid intracellular ice formation. The 
osmotic effects and the osmotic response of ova and embryos when exposed to 
solutions of permeating and non-permeating cryoprotectants have been reviewed in 
Chapter 1, sections 1.4.1, 1.4.2, 1.4.3, 1.4.4. and 1.5.3. The results of investigations 
described in Chapters 5 to 8 of this report showed that successful cryopreservation
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of embryos can be achieved after very brief exposure to VS 11 followed by 
plunging in liquid nitrogen. In the light of these findings it is pertinent to examine 
further the response of mammalian embryos to vitrification solutions.
The investigations described in this chapter were designed to assess the extent of 
equilibration when embryos are exposed to VS. This assessment was based on the 
volumetric response when embryos were exposed to VS 11 for periods up to 20 
minutes at 25°C.
9.3. Experimental Design
9.3.1. Experiments 9.1 and 9.2: Volume Changes in day-4 Mouse and Day-6 Sheep 
Compacted morulae when Exposed to VS 11 for 0 to 20 Minutes at 25°C
Compacted day-4 mouse and day-6 sheep morulae were obtained as described in 
Chapter 2, sections 2.2.3.1. and 2.2.3.2.. Three mouse morulae and three sheep 
morulae were utilised in this investigation.
9.3.1.1. Procedure for De termination of Volume Changes of Morula when Exposed 
to VS 11
The procedures employed for the determination of volume changes in the day-4 
mouse and day-6 sheep compacted morulae were similar with minor differences. 
The volume changes after exposure to VS 11 in the mouse embryos were calculated 
at 0, 5, 10, 15 and 20 minutes at 25°C and in the sheep they were calculated at 0, 3, 
5, 10, 15 and 20 minutes also at 25°C. The holding pipette used for manipulating 
the sheep morulae was larger than that used for handling mouse morulae (see 
Chapter 2, section 2.2.8.2.).
Micromanipulation of embryos for volume studies was performed with a Leitz 
Diavert (Leitz, Germany) inverted microscope and Leitz manipulators. The holding 
pipette described in section 2.2.8.2. was filled with liquid paraffin and fitted to the 
paraffin filled plastic instrument tubing attached to a Hamilton micro-syringe on 
the left side of the microscope. The holding pipette was then inserted in the 
manipulator instrument holder. The paraffin filled probe (small pipette; see Chapter 
2, section 2.2.8.2.) was then similarly fitted to the paraffin filled plastic tubing 
attached to a Hamilton micro-syringe on the right side of the microscope and then 
inserted in the other manipulator instrument holder. All microscopic observations
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were continually recorded by a video camera connected to a recorder and a monitor 
screen.
A transparent plastic plate was placed on the microscope stage and a drop of Hepes 
buffered medium (HWM, if mouse morula; or HSOF, if sheep morula) was placed 
on the plastic plate in the centre of the field of vision. One freshly collected healthy 
morula (either mouse or sheep) was introduced into the drop of medium. The 
embryo was quickly brought into focus and video recording was commenced. The 
morula was then held firmly but without too much suction with the holding pipette. 
The probe was brought from the opposite side and made to just touch the morula 
with minimal pressure. This stabilized the morula during subsequent manipulation. 
The medium on the plate was gently siphoned off withan embryohandling capillary 
pipette without dislodging the embryo from the holding pipette. Immediately after 
removal of the medium, VS11 was flooded on to the spot where the morula was 
being held. The entire events under the microscope were continously recorded and 
monitored. The amount of VS flooded on to the plate was 50 times more than the 
original volume of the medium so that the dilution of VS by the medium remaining 
on the plate was negligible. With the aid of the holding pipette and probe the 
morula was positioned at various angles so that changes in its shape due to the 
osmotic challenge by the VS could be recorded from all sides. The recordings 
continued over a period of 20 minutes.
9.3.1.2. Procedure for the Calculation of Volume of Morula Before and After 
Exposure to VS 11
For measurement of the volume while in isosmotic medium it was assumed the 
embryo was spherical. After immersion in VS 11 dehydration of the embryo 
accompanied by a reduction in volume and alteration in shape was almost 
immediate. The new shape was observed and recorded by using the holding pipette 
and probe to adjust the attitude of the embryo. In its most stable position the 
embryo appeared round with reduced diameter. However it was clearly not 
spherical and when held in its least stable attitude the appearance resembled a 
tennis ball which had been partially evacuated. One side had become concave and 
the other remained convex or was slightly flattened. Calculation of the volume of 
the altered embryos required the use of the appropriate models in solid geometry. 
Two models were used. The prefered model for each j embryo was selected by the 
appearance of the embryo. The models are shown in Figs. 9.3 and 9.4. In the first, 
Fig.9.3 the volume of the embryo was obtained by subtracting the volume of a
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segment of a sphere from the volume of a segment of another sphere. The volume 
of such a segment is obtained by the formula given in Fig. 9.3. In the second 
model, Fig.9.4 the volume of the embryo was obtained as the difference between 
the volumes of two hemispheres.
The measurements were made with aid of an image analyzer (Image-1/AT, USA)
on images selected from the video recording for each chosen time interval. Each
image was viewed on five separate occasions. On each occasion each measurement
was made six times and the means of these six measurements were used in the
formulae given in Figs. 9.3 and 9.4. Thus there were five calculations of the
volume of each embryo, and each was expressed as a percentage of the volume of
the embryo when in isosmotic medium.
Statistical analysis was performed by Chi-square test.
9.4. Results
9.4.1. Experiment 9.1: Volume Changes in Mouse Compacted Morulae when 
Exposed to VS 11 for 0 to 20 Minutes at 25°C
The relative volumes of each mouse embryo are shown in Table 9.1 and are 
illustrated in Fig. 9.1. Statistical analyses of the relative volumes of the three 
mouse morulae showed that there was a difference between embryos (pcO.OOl) and 
between durations of exposure, and there was a significant interaction between 
embryos and durations of exposure (p<0.001).
At the first measurement after 5 minutes of exposure to VS the relative volumes 
ranged from 20.3% to 26.1. At 20 minutes the range increased to 25.2% to 50.5%. 
Further examination of the data showed that one embryo continually increased in 
relative volume between 5 and 20 minutes of exposure. The remaining two 
embryos increased in relative volume up to 15 minutes and then declined.
9.4.2. Experiment 9.2: Volume Changes in Sheep Compacted Morulae when 
Exposed to VS 11 for 0 to 20 Minutes at 25°C
The relative volumes of each sheep embryo are shown in Table 9.2 and Fig.9.2. 
There was a significant difference between embryos (p<0.001) and durations of 
exposure and a significant interaction between embryos and durations (p<0.001).
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Fig.9.1: Relative volumes (percent) of individual day-4 
mouse morulae when challenged with VS11
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Fig.9.2: Relative volumes (percent) of individual day-6 
sheep morulae when challenged with VS11
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Fig. 9.3. Volume of segment of a sphere (between two 
parallel planes)
Volume of segment
V
Jlh 2 2 2
(3r2 + 3r3 + h )
= 0.52359878h (3r2 +3r3 + h2)
Volume of embryo
Vol. of embryo (Shaded) =
Vol. of segment of a sphere (striped & shaded) 
- Vol. of unshaded (striped) segment
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PLATE 9.1
The following are prints of images as shown by image 
analyzer. These prints and drawings complement Fig 9.3
TOP LEFT:Untreated fresh day-4 mouse morula
TOP RIGHT: The same morula described above 
superimposed with a dotted circle and diameter "d"
MIDDLE LEFT:Day-4 mouse morula after exposure to 
VS shown at its most stable position. It assumes a shape 
akin to that of a evacuated ball
MIDDLE RIGHT:The same morula described above 
superimposed with 2 dotted outer and inner circles and 
outer and inner diameters "dj" and "d2 indicating the 
outer and inner circumference of the embryo after it 
assumed the deflated appearance
BOTTOM LEFT:Day-4 mouse morula after exposure to 
VS shown at its least stable position showing the deflated 
appearance.
BOTTOM RIGHT:The same morula described above 
superimposed with 2 dotted outer and inner circles and 
outer diameter "dj" and inner diameter "&2

Fig. 9.4. Volume of Sphere
Volume of embryo 
exposed to VS
~  Volume of treated embryo (shaded) = 
(V2 Vol. of larger sphere) -
(V2 Vol. of smaller sphere)
Key:
r = radius of untreated embryo
d = diameter of untreated embryo
dj= diameter of larger sphere of treated embryo
d2 = diameter of smaller sphere of treated embryo
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PLATE 9.2
The following are prints of images as shown by image 
analyzer. These prints and drawings complement Fig 9.4
TOP LEFT:Untreated fresh day-6 sheep morula
TOP RIGHT: The same morula described above 
superimposed with a dotted circle and diameter "d"
MIDDLE L£FT:Day-6 sheep morula after exposure to 
VS shown at its most stable position. It assumes a shape 
akin to that of a evacuated ball
MIDDLE RIGHT:The same morula described above 
superimposed with 2 dotted outer and inner circles and 
outer and inner diameters "dj" and "d2 " indicating the 
outer and inner circumference of the embryo after it 
assumed the deflated appearance
BOTTOM LEFT:Dny-6 sheep morula after exposure to 
VS shown at its least stable position showing the deflated 
appearance.
BOTTOM RIGHT:The same morula described above 
superimposed with 2 dotted outer and inner circles and 
outer diameter "dj" and inner diameter "d2 "

The data show that no two embryo responded in the same manner. For the three 
embryos, Al, A3 and A4, the highest relative volume was recorded at 10 minutes, 
15 minutes and 20 minutes respectively. For all three embryos the relative volumes 
at 3 minutes ranged from 15.7% to 30% and at 20 minutes from 31.4 to 49.1%.
9.5. Discussion
The volume changes of mouse and sheep morulae exposed to VS 11 were 
characterized by an initial instantaneous shrinkage followed by a gradual re­
expansion similar to that reported in glycerol solution by Jackowski et al. (1980) 
and in glycerol-sucrose solutions by Szell and Shelton, (1986b).
The embryos exposed to VS 11 underwent a sudden drastic decrease in volume 
which resulted in gross alterations to shape. Although the shapes had some quite 
constant features there was some variation between embryos and this necessitated 
the application of two different formulae for the calculation of volume. Further, 
because of the irregularities in the solid geometry of individual embryos, the 
calculated volumes can be considered as approximations only. Neverthless 
observations on trends remain valid. It is clear also that when embryos are exposed 
to solutions of high molarity it is not valid to calculate their volume on the 
assumption that they remain spherical in shape. This may account for the deviation 
from the predicted shrinkage in 1.0M sucrose reported by Szell and Shelton (1987).
The relative volume of mouse and sheep morulae after exposure to VS11 for 3 to 5 
minutes respectively ranged from 20.3% to 26.1% and 15.7% and 30%. Because of 
technical difficulty no earlier volumes were recorded; however, in view of the 
estimate (Leibo, 1986) that 80% to 85% of the volume of ova consists of water, it is 
apparent that a very high degree of dehydration was induced immediately after 
exposure to VS11. As embryos were frozen (Chapter 7 and 8) after 1 to 3 minutes 
of exposure to VS11 it is obvious that vitrification was induced when intracellular 
water and VS 11 contents were very low. It was not possible in these embryos to 
ascertain the intracellular concentrations of VS 11 but obviously in combination 
with the high concentration of cell solutes it was sufficient to permit freezing with 
little or no formation of ice (vitrification).
Two of the mouse embyros showed a decrease in relative volume after 20 minutes 
of exposure to VS 11 and two sheep morulae after 15 minutes and 20 minutes of 
exposure. This was probably related to cellular damage to the embryos and would
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accord with the findings of Chapter 5 and 6 that VS11 is toxic to embryos after 20 
minutes of exposure
Complete equilibration of embryos with VS is not only unnecessary for 
cryopreservation by vitrification but the long exposure necessary to achieve 
complete equilibration is lethal. This time related toxicity is due to the prolonged 
osmotic stress because of the slow rate of permeation by VS 11 and /or chemical 
toxicity as discussed in Chapter 5.
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CHAPTER 10: GENERAL DISCUSSION AND CONCLUSIONS
The development of vitrification procedures for the cryopreservation of mouse and 
sheep embryos represents a major advance in embryo freezing technology.
In the majority of previous reports on cryopreservation of embryos by vitrification, 
investigators have selected one, or a small number of, vitrification solution(s) and 
examined efficacy on a small number of embryos. Thus we find that many reports 
include propylene glycol which is known to be a good vitrification agent. This 
approach ignores other essential properties of a vitrification solution and 
particularly toxicity. The embryotoxicity of the high concentration of 
cryoprotectants required for vitrification is a limiting factor in achieving high 
survival of vitrified embryos. To overcome embryotoxicity of VS many workers 
reduced the temperature of exposure during pre- and post-vitrification preparative 
work. Such a strategy introduces the need for cooling apparatuses and may also 
damage the embryo. The VS developed in the experiments described here were 
deliberately formulated to allow all pre- and post-vitrification work to be carried 
out at 25°C (room temperature).
The major experiments reported here represent a systematic approach to the 
formulation of vitrification solutions. Thus the aim was first to identify permeating 
cryoprotectants that would vitrify at a molarity that was relatively non-toxic to 
embryos. Ethylene glycol will not vitrify below 6.5M but even at this molarity was 
not toxic to embryos. On the other hand propylene glycol will vitrify at 4.0M but is 
toxic at 3.0M. The least toxic of the ternary mixtures used here contained a high 
concentration of ethylene glycol and a low concentration of glycerol, the second 
least toxic cryoprotectant tested. Later work (with VS 14) indicates that good 
survival of embryos after vitrification can be obtained when ethylene glycol is the 
sole permeating cryoprotectant in the vitrification solution. Vitrification with VS 14 
resulted in no loss of viability in all preimplantation stage mouse embryos 
(including 1-cell Fj embryos) except 1-cell S.O.embryos. It is pertinent that since 
the initiation of this work there has been a report of the successful vitrification of 
sheep embryos with ethylene glycol (Schiewe et al., 1991).
It was demonstrated that day-6 sheep embryos can be successfully vitrified with 
high in vitro and in vivo survival rates. Day-6 sheep embryos appear to be more 
sensitive to osmotic stress than day-4 mouse embryos when challenged with VS 11. 
To overcome osmotic damage to sheep embryos they were initially exposed to a
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dilution (30%) of VS 11 before vitrification with the undiluted VS 11 to achieve 
high survival rates. The in vivo survival rates of 62% (18/29) for sheep blastocysts 
and 51% (37/72) for all developmental stages of day-6 sheep embryos are superior 
to those in earlier reports on vitrification and equal to the results reported from 
conventional slow controlled-rate freeze-thaw procedures. The survival of day-6 
sheep embryos vitrified with VS 14 (in 1-step) was 100% in vitro and 50% in vivo. 
The number of embryos vitrified with VS 14 was too small for these survival rates 
to be conclusive. Thus VS 14 shows promise as a vitrification agent for mammalian 
embryos and should be further investigated.
There was a lack of consistency between the in vitro and in vivo experiments on the 
effect of using sucrose in the dilution of VS from vitrified mouse embryos after 
thawing. There was no significant effect of sucrose dilution on in vitro survival of 
day-4 mouse embryos but there was significant benefit in sucrose dilution when 
embryos were transferred to pseudopregnant recipients. This discrepancy illustrates 
the caution that must be exercised in extrapolating from in vitro experiments to the 
in vivo situation. Dilution of VS 11 from sheep embryos with sucrose and without 
sucrose were compared only when embryos were vitrified by the 1-step method 
with subsequent poor results. Although sucrose dilution after 2-step addition of 
VS 11 resulted in good embryo survival, the necessity for sucrose in post-thaw 
dilution of VS from sheep embryos remains to be demonstrated.
Complete equilibration of embryos with VS was not attempted prior to vitrification 
and yet the survival rates were very high. These high survival rates indicate that 
intracellular vitrification occurred in spite of the short duration (1 to 3 minutes) of 
exposure to VS prior to vitrification. This suggests that conditions conducive to 
intracellular vitrification are contributed largely by concentration of intracellular 
solutes due to the dehydration induced by VS. Studies on the volumetric response 
of mouse and sheep morulae indicate that during the 1 to 3 minutes of equilibration 
allowed in vitrification experiments, very little VS permeated the embryos. 
Complete equilibration of embryos is not necessary for cryopreservation by 
vitrification and the long exposure required to achieve complete equilibration is 
lethal. The question of whether a permeating cryoprotectant is mandatory for 
effective cryopreservation by vitrification remains unanswered.
In the generation of mouse embryos for experiments on vitrification there was an 
opportunity to compare methods of embryo production and in vitro culture 
systems.
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Embryos of certain strains of mice developed better throughout preimplantation 
development in a chemically defined medium containing glucose in an atmosphere 
of high oxygen tension. It is suggested that the high oxygen tension promotes better 
embryo development in vitro because culture conditions are static and result in 
stagnation which consequently leads to less than optimal oxygen availability to the 
cultured embryos. Glucose had no inhibitory effect on the development of the 1- 
cell embryo to the blastocyst stage. Thus the beneficial effect of replacing glucose 
with glutamine (Chatot et al.,1990) derives from the addition of glutamine rather 
than the removal of glucose. Glutamine acts as an organic osmolyte and prevents 
the development of high ion concentration in blastomeres thereby protecting the 
embryo.
It was also demonstrated that mouse embryos can be cultured from the 1-cell to the 
blastocyst stage in a chemically defined medium in an atmosphere of air and in the 
presence of a high concentration (lOmM) of NaHCOß. This latter requirement is 
probably related to its role as a regulator of intracellular pH (pHp.
Combined hormonal and pheromonal stimulation of mice resulted in significantly 
higher mating rates than hormonal stimulation alone. Up to 100% copulation rate 
was achieved when female mice were selected during the metoestrous II and 
dioestrous phases of the oestrous cycle at the time of PMSG and pheromonal 
treatments.
The in vivo development of F | ([C57BL/6J] x S.O) mouse embryos was 
significantly faster than those of Swiss outbred. This is probably related to hybrid 
vigour.
Aging (18 months old) C57BL/6J female mice suffered from severe cystic 
endometriotic hyperplasia. The cysts varied from small to very large irregular 
proliferations often associated with ovarian atrophy. Of interest was the 
observation that aging females with severe cystic proliferative endometriosis were 
able to support pregnancy to term. The pregnancy rate was however significantly 
lower in aging mice as compared to young controls.
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